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Abstract 
 
The present study investigated the structural characterisation of the 
fermentation products (sophorolipids) produced by Candida. bombicola. The 
analysis included the use of 1D- and 2D-NMR, FT-IR, HPLC-MS, monomer 
and linkage analysis employing HPAEC-PAD and GC-MS to fully characterise 
the main fermentation products: sophorolipids lactone and acid forms. The 
characterisation also looked at materials present in waste streams. 
Interestingly, free sophorose was identified in a number of the waste streams. 
The composition of the lactone waste stream was investigated utilizing 
HPAEC-PAD and NMR techniques. The results indicated the presence of 
glucose, sophorose and trace amount of isomaltose; these were separated 
using a liquid-liquid extraction technique followed by the isolation of each 
sugar using carbon: celite 535 column chromatography. Attempts were made 
to determine the origin of sophorose in the waste streams. In aqueous alkali, 
sophorose was observed to undergo an epimerisation reaction and was 
converted to 2-O-β-D-glucopyranosyl-D-mannose. Another experiment was 
performed to investigate if enzyme(s) were present in the spent fermentation 
liquors, which were capable of hydrolysing sophorolipids to produce 
sophorose. The result suggested that sophorolipids were being converted into 
sophorose, glucose, isomaltose, and a glucolipid.  
A number of novel sophorolipids were synthesised starting from sophorose 
and using both enzyme and chemical glycosylation reactions. The lipase 
Novozyme 435 was used to catalyse the synthesis of the sophorolipid 
derivatives: 1′,6″-sophorolactone, 1′,6″-sophorolactone-6′-acetate and methyl 
ester-6′,6″-sophorose dibutyrate. Sophorose was used in the preparation of 
2′′,3′,3′′,4′,4″,6′,6″-hepta-O-acetyl-α-D-sophoryl bromide, which was coupled to 
a range of different fatty alcohols. Finally, the interfacial properties, enzyme 
inhibition effect and biological activity of a number of novel sophorolipids were 
explored.  
 
iv 
 
 
Contents 
 
1. General Introduction .................................................................................... 1 
1.1 Surfactants ..................................................................................................... 3 
1.1.1 Definition of surfactants and their applications ........................................... 3 
1.1.2 Characteristics of surfactants .................................................................... 4 
1.2 Biosurfactants ................................................................................................ 5 
1.2.1 Introduction ............................................................................................... 5 
1.2.2 Glycolipids ................................................................................................. 6 
1.2.3 Lipopeptides .............................................................................................. 9 
1.2.4 Fatty acids ............................................................................................... 10 
1.2.5 Phospholipids .......................................................................................... 10 
1.2.6 Polymeric biosurfactant ........................................................................... 11 
1.3 Sophorolipid production ............................................................................. 11 
1.3.1 Introduction ............................................................................................. 11 
1.3.2 Sophorolipids producing microorganisms ................................................ 12 
1.3.3 Structure, properties and nomenclature ................................................... 13 
1.3.4 Biosynthesis of sophorolipids .................................................................. 16 
1.4 Physiological role of sophorolipids............................................................ 18 
1.5 Application of sophorolipids....................................................................... 18 
1.6 Enzymatic or chemical modification of sophorolipids .............................. 20 
1.7 Structure characterisation and analysis of sophorolipids ........................ 21 
1.7.1 Analysis of carbohydrates ....................................................................... 23 
1.8 Glycosidase catalysed glycoside hydrolysis ............................................. 26 
1.8.1 Proposed glycoside hydrolase mechanism .............................................. 27 
1.9 Aims of research .......................................................................................... 30 
2. Experimental ............................................................................................... 31 
2.1 Materials and reagents ................................................................................ 31 
v 
 
2.1.1 Sophorolipids and sophorolipid process waste ........................................ 31 
2.2 Production of sophorolipids and sophorolipid process wastes- 
fermentation process carried out by Croda Biotechnology ........................... 32 
2.2.1 Production of the Lactone sophorolipid, (2) from the initial crude 
sophorolipid product (1) .................................................................................... 32 
2.2.2 Production of acid sophorolipid (3) from the lactone sophorolipid (2) ....... 33 
2.3 Analytical techniques and structural characterisation ............................. 34 
2.3.1 NMR analysis of sophorolipids ................................................................ 34 
2.3.2 FTIR analysis of sophorolipids ................................................................. 35 
2.3.3 HPLC-MS analysis of sophorolipids ......................................................... 35 
2.4 Structural characterisation of sophorolipid samples: crude sophorolipid 
fermentation product (1), lactone form (2) and acid form (3) .......................... 36 
2.4.1 The analytical data of crude sophorolipid product (1) .............................. 36 
2.4.2 The analytical data of the lactone sophorolipid, 17-L-([2′-O-β-D-
glucopyranosyl-1-β-D-glucopyranosyl]-oxy)-9-octadecenoic acid-1,4″-lactone 6′, 
6″-diacetate ...................................................................................................... 37 
2.4.3 The analytical data of the acid sophorolipid, 2-L-([2′-O-β-D-glucopyranosyl-
1-β-D-glucopyranosyl]-oxy)-9-octadecenoic acid .............................................. 38 
2.5 Synthesis of Ester Sophorolipid Derivatives (Esterification) ................... 39 
2.5.1 Synthesis of methyl, 17-L-([2'-O-β-D-glucopyranosyl-β-D-glucopyranosyl]-
oxy)-cis-9-octadecenoate ................................................................................. 39 
2.5.2 Synthesis of ethyl, 17-L-([2'-O-β-D-glucopyranosyl-β-D-glucopyranosyl]-
oxy)-cis-9-octadecenoate ................................................................................. 40 
2.6 Lipase-catalysed regioselective acylations ............................................... 41 
2.6.1 Novozyme 435 catalyzed synthesis of 17-L-([2'-O-β-D-glucopyranosyl-β-D-
glucopyranosyl]-oxy)-cis-9-octadecenoic acid-1′,6"-lactone (6) ........................ 42 
2.6.2 Novozyme 435 catalysed synthesis of 17-L-([2'-O-β-D-glucopyranosyl-β-D-
glucopyranosyl]-oxy)-cis-9-octadecenoic acid-1′,6"-lactone-6′-acetate (7) ........ 43 
2.6.3 Novozyme 435 catalyzed synthesis of 17-L-([2'-O-β-D-glucopyranosyl-β-D-
glucopyranosyl]-oxy)-cis-9-octadecenoic acid-6′,6″-dibutyrate (8) .................... 44 
2.7 Monomer analysis using HPAEC-PAD and GC-MS ................................... 46 
vi 
 
2.7.1 Acid hydrolysis reaction of sophorolipids ................................................. 46 
2.7.2 Reduction ................................................................................................ 46 
2.7.3 Acetylation ............................................................................................... 47 
2.8 High-Performance Anion Exchange Chromatography-Pulsed           
Amperometric Detection (HPAC-PAD) ............................................................. 47 
2.9 Gas Chromatography-Mass Spectrometry GC-MS .................................... 48 
2.9.1 Linkage analysis (Methylated Alditol Acetate Method) ............................. 49 
2.9.2 GC-MS analysis of PMAAs ...................................................................... 50 
2.10 Extraction of isomaltose and sophorose from the lactone waste .......... 51 
2.10.1 Isolation and separation of glucose, isomaltose and sophorose using a 
carbon: celite 535 column ................................................................................ 51 
2.11 Isolation of 2-O-β-D-glucopyranosyl-α/β-D-mannose (11) ....................... 52 
2.12 Monitoring the base catalysed hydrolysis of sophorolipids ................... 52 
2.13 Monitoring the stability of sophorose in aqueous alkaline solution ...... 53 
2.14 Hydrolysis of sophorolipids by spent fermentation broth ...................... 53 
2.15 Monitoring the acid catalysed hydrolysis of sophorolipids .................... 54 
2.16 Synthesis of sophorose derivatives (glycosylation reaction) ................ 54 
2.16.1 Synthesis of 1′, 2′′, 3′, 3′′, 4′, 4″, 6′, 6″-octa-O-acetyl-β-D-sophorose (12).
 ......................................................................................................................... 55 
2.16.2 Synthesis of 2′′, 3′, 3′′, 4′, 4″, 6′, 6″-hepta-O-acetyl-α-D-sophoryl bromide 
(13) .................................................................................................................. 56 
2.16.3 Synthesis of 2'′, 3′, 3′', 4′, 4′', 6′, 6′'-hepta-O-acetyl-β-oleyl-D-sophorose 
(14) .................................................................................................................. 57 
2.16.4 Synthesis of β-oleyl-D-sophorose (15) ................................................... 58 
2.16.5 Synthesis of 2′', 3′, 3′', 4′, 4′', 6′, 6′'-hepta-O-acetyl-β-stearyl-D-sophorose 
(16) .................................................................................................................. 59 
2.16.6 Synthesis of 2′', 3′, 3′', 4′, 4′', 6′, 6′'-hepta-O-acetyl-α/β-hydroxy-D-
sophorose (17) ................................................................................................. 60 
2.16.7 Synthesis of 2′', 3′, 3′', 4′, 4′', 6′, 6′'-hepta-O-acetyl-β-palmitoyl-D-
sophorose (18) ................................................................................................. 61 
vii 
 
2.16.8 Synthesis of 2′', 3′, 3′', 4′, 4′', 6′, 6′'-hepta-O-acetyl-α-(4-nitrophenyl)-D-
sophorose (19) ................................................................................................. 62 
2.16.9 Synthesis 4-nitrophenyl-α-D-sophoroside (20) ....................................... 64 
2.16.10 Synthesis of 2′', 3′, 3′', 4′, 4′', 6′, 6′'-hepta-O-acetyl-β-(4-nitrophenyl)-D-
sophorose (21) ................................................................................................. 65 
2.16.11 Synthesis 4-nitrophenyl-β-D-sophoroside (22) ..................................... 66 
2.17 Measurement of the critical micelle concentration (CMC) of 
sophorolipids ..................................................................................................... 67 
2.18 Substrate studies: Is the sophorose derivatives, 4-nitrophenyl-α-D-
sophoroside a substrate for the α-glucosidase enzyme ................................. 68 
2.18.1 UV-spectrophotometric (colorimetric) determination method ................. 68 
2.19 Inhibitor studies: Is the sophorose-derivative, 4-nitrophenyl-α-D-
sophoroside an inhibitor of the α-glucosidase enzyme .................................. 70 
2.19.1 Non-competitive inhibition procedure ..................................................... 70 
2.20 Cell viability and cytotoxicity assays of sophorolipids ........................... 70 
3. Production, structure elucidation and characterisation of natural 
sophorolipids .................................................................................................. 71 
3.1 General introduction .................................................................................... 71 
3.2 Production of sophorolipid biosurfactants ................................................ 71 
3.3 Analysis and structure characterisation of sophorolipids ....................... 73 
3.4 Production and isolation of sophorolipids ................................................ 74 
3.5 Structural analysis of the initial sophorolipids mixture using NMR 
spectroscopy ..................................................................................................... 75 
3.5.1 Structural analysis of the initial crude fermentation products (1) .............. 75 
3.6 Structural analysis of the initial sophorolipid mixture using FT-IR 
spectroscopy ..................................................................................................... 78 
3.7 Structural analysis of sophorolipids using GC-MS and HPAEC-PAD ...... 79 
3.7.1 Monomer analysis of the initial sophorolipid product using HPAE-PAD ... 80 
3.7.2 Monomer analysis using GC-MS ............................................................. 81 
3.7.3 Linkage analysis of the initial sophorolipid products (1) ........................... 83 
3.8 Production of the lactone form of the sophorolipid .................................. 86 
viii 
 
3.8.1 Structural analysis of the sophorolipid lactone, (2) and acid, (3) using NMR 
spectroscopy .................................................................................................... 88 
3.8.2 Structural analysis of lactone, (2) and acid, (3) sophorolipids using FT-IR 
spectroscopy. ................................................................................................... 89 
3.8.3 Monomer analysis of lactone, (2) and acid, (3) sophorolipids using 
HPAEC–PAD ................................................................................................... 91 
3.8.4 Monomer analysis of lactone, (2) and acid, (3) sophorolipids using GC-MS
 ......................................................................................................................... 93 
3.8.5 Linkage analysis of lactone, (2) and acid, (3) sophorolipids ..................... 94 
3.9 Conclusion ................................................................................................. 100 
4. Isolation of sophorose & isomaltose from the lactone waste and the 
conversion of sophorose to the isomeric 2-O-β-D-glucopyranosyl-D-
mannose......................................................................................................... 101 
4.1 Introduction ................................................................................................ 101 
4.2 Chemical hydrolysis of natural sophorolipids ......................................... 102 
4.3 Extraction of sophorose from sophorolipids process waste streams ... 103 
4.4 Use of Carbon: celite 535 column chromatography technique for the 
isolation of carbohydrates .............................................................................. 105 
4.5 Isolation and separation of glucose, isomaltose, (9) and sophorose, (10) 
using carbon: celite 535 column chromatography ........................................ 105 
4.6 Structure elucidation of the isolated sugars using NMR technique ....... 109 
4.7 Linkage analysis of isomaltose ................................................................ 112 
4.8 HPLC-MS analysis of sophorose and isomaltose ................................... 114 
4.9 Monitoring the base catalysed hydrolysis of sophorolipids................... 116 
4.10 Monitoring the acid catalysed hydrolysis of sophorolipids .................. 118 
4.11 Isolation of the 2-O-β-D-glucopyranosyl-D-mannose, (11) .................... 121 
4.11.1 Monitoring the stability of sophorose in aqueous alkaline solution 
(epimerization / hydrolysis) using the HPAEC-PAD ........................................ 121 
4.11.2 Monitoring the stability of sophorose in an aqueous sodium deuteroxide 
solution (epimerization / hydrolysis) using the 1H-NMR .................................. 123 
4.11.3 Epimerization of sophorose in hot aqueous alkaline solution in order to 
isolate the 2-O-β-D-glucopyranosyl-D-mannose using carbon: celite column .. 124 
ix 
 
4.12 Observation of an enzyme catalyzed hydrolysis of sophorolipids by 
spent fermentation broth ................................................................................ 129 
4.13 Conclusion ............................................................................................... 132 
5. Synthesis of novel sophorolipids .......................................................... 134 
5.1 Enzyme-catalysed esterification reaction ................................................ 134 
5.2 Introduction to glycosylation .................................................................... 134 
5.3 Synthesis and analysis of novel sophorolipids ....................................... 137 
5.3.1 Structural analysis of methyl ester, (4) and ethyl ester, (5) sophorolipids 
using NMR spectroscopy ............................................................................... 137 
5.4 Analysis of FT-IR spectra of sophorolipid derivatives ............................ 145 
5.5 NMR spectral analysis of novel sophorolipids ........................................ 149 
5.5.1 NMR analysis of 1′, 2′′, 3′, 3′′, 4′, 4″, 6′, 6″-octa-O-acetyl-β-D-sophorose, 
(12) ................................................................................................................ 149 
5.5.2 NMR analysis of 2′′, 3′, 3′′, 4′, 4″, 6′, 6″-hepta-O-acetyl-α-D-sophoryl 
bromide, (13) .................................................................................................. 150 
5.5.3 NMR analysis of 2'′, 3′, 3′', 4′, 4′', 6′, 6′'-hepta-O-acetyl-β-oleyl-D-sophorose, 
(14) ................................................................................................................ 153 
5.5.4 NMR analysis of β-oleyl-D-sophorose, (15) ........................................... 155 
5.5.5 NMR analysis of 2′', 3′, 3′', 4′, 4′', 6′, 6′'-hepta-O-acetyl-β-stearyl-D-
sophorose, (16) .............................................................................................. 158 
5.5.6 NMR analysis of 2′', 3′, 3′', 4′, 4′', 6′, 6′'-hepta-O-acetyl-α/β-hydroxy-D-
sophorose ...................................................................................................... 160 
5.5.7 NMR analysis of 2′', 3′, 3′', 4′, 4′', 6′, 6′'-hepta-O-acetyl-β-palmitoyl-D-
sophorose ...................................................................................................... 162 
5.5.8 NMR analysis of 2′', 3′, 3′', 4′, 4′', 6′, 6′'-hepta-O-acetyl-α-(4-nitrophenyl)-D-
sophorose ...................................................................................................... 165 
5.5.9 Removal of protecting groups and production of 4-nitrophenyl-α-D-
sophoroside, (20) ........................................................................................... 168 
5.5.10 NMR analysis of 2′', 3′, 3′', 4′, 4′', 6′, 6′'-hepta-O-acetyl-β-(4-nitrophenyl)-D-
sophorose ...................................................................................................... 170 
5.5.11 NMR analysis of 4-nitrophenyl-β-D-sophoroside .................................. 172 
5.6 Structural analysis of novel sophorolipids using HPLC-MS or MS ........ 174 
x 
 
5.6.1 HPLC-MS analysis of lactone sophorolipid, (2) ...................................... 174 
5.6.2 HPLC-MS analysis of sophorolipid derivatives ...................................... 175 
5.6.3 Mass spectra analysis of 1′, 2′′, 3′, 3′′, 4′, 4″, 6′, 6″-octa-O-acetyl-β-D- 
sophorose, (12) .............................................................................................. 178 
5.7 Conclusion .............................................................................................. 180 
6. Applications of novel sophorolipids ...................................................... 181 
6.1 Introduction ................................................................................................ 181 
6.1.1 Surface tension properties of sophorolipids ........................................... 181 
6.1.2 Sophorolipids as activators or inhibitors of enzyme activities ................. 182 
6.1.3 Biological activity of sophorolipids ......................................................... 183 
6.2 Determination of the interfacial properties of sophorolipids .................. 184 
6.3 Results of substrate studies: Are the sophorose derivative, α and β-p-
nitrophenyl sophorylsides substrates for a α-glucosidase enzyme? .......... 189 
6.4 Results of inhibition studies: Is the sophorose-derivative, α-p-nitrophenyl 
sophorylside an inhibitor of the α-glucosidase enzyme? ............................. 190 
6.4.1 Inhibition results .................................................................................... 191 
6.5 The cell viability and cytotoxicity assays of sophorolipids .................... 193 
6.5.1 Result of the cell viability (MTT assay) of sophorolipids derivatives ....... 193 
6.5.2 Detailed results of the MTT assay of 2″, 3ʹ, 3″, 4ʹ, 4″, 6′, 6″-hepta-O-acetyl-
β-oleyl-D-sophorose, β-oleyl-D-sophorose and 1′, 2′′, 3′, 3′′, 4′, 4″, 6′, 6″-octa-O-
acetyl-β-D-sophorose ..................................................................................... 195 
6.5.3 Cell lysis microscopic results of MCF7 and PC3 .............................. 197 
6.6 Conclusion ................................................................................................. 201 
7. Overall conclusion.................................................................................... 202 
7.1 Future work ................................................................................................ 206 
8. References ................................................................................................. 208 
8.1 Publications ............................................................................................... 226 
9. Appendices……………………………………………………………………227 
  
xi 
 
Abbreviations 
Å2 Area per surface molecule 
CMC Critical micelle concentration 
CPR Cytochrome P450 reductase 
CoA Acetyl-coenzyme A 
CDCl3 Deuterated chloroform 
DMSO Dimethyl sulfoxide 
D2O Deuterium oxide 
FTIR Fourier Transform Infrared 
GC-MS Gas Chromatography-Mass spectrometry 
HPAEC-PAD 
High-Performance Anion Exchange Chromatography-
Pulsed Amperometric Detector 
HPLC-MS 
High-pressure Liquid Chromatography-Mass 
Spectrometry 
MEL Mannosylerthritol lipids 
MPLC Medium pressure liquid chromatography 
MALDI-TOF Matrix assisted laser desorption ionization-time of flight 
mN/m Millinewton per metre 
mL Millilitres 
NaOD Sodium deuteroxide 
NMR Nuclear magnetic resonance 
NADPH Nicotinamide Adenine dinucleotide phosphate 
PPL Porcine pancreatic lipase 
ppm Part per million 
PMAA Permethylated alditol acetates 
pH Hydrogen ion concentration 
SL-Crude Crude (initial) sophorolipid 
SL-Lactone Lactone sophorolipid 
SL-Acid Acid sophorolipid 
SL-Me Methyl ester sophorolipid 
SL-Et Ethyl ester sophorolipid 
TFA Trifluoroacetic acid 
THF Tetrahydrofuran 
TLC Thin layer chromatography 
µL Microlitre 
UV Ultraviolet spectroscopy 
UPD Uridine diphosphate glucose 
v/v Volume per volume 
w/v Weight per volume 
 γ cmc Surface tension 
Гmax Surface excess 
  
 
 
 
 
 
Chapter one: General 
Introduction
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1. General Introduction 
 
         Sophorolipids (sophorose-lipids) are classified as biological surface-
active compounds, which have been known for almost 45 years as 
biosurfactants. Sophorolipids can be produced by some yeast strains and they 
display low ecotoxicity and are considered biodegradable. 1,2 These 
characteristics make them commercially attractive. Millions of tons of 
chemical-based surfactants are produced each year, and these are used in a 
wide range of applications: in cleaning, in the manufacture of food and paper, 
cosmetics, and as health care products. 3,4 However, the majority of 
chemically synthesised surfactants display some degree of toxicity, especially 
to the environment and their frequent use and release into the environment, 
especially when used in washing application, is of growing concern. 5,6 The 
ecotoxicity and biodegradability are of significant concern to our current 
society. In contrast, sophorolipids are considered to be green glycolipid-
surfactants and can be viewed as natural products. 7 Glycolipids are 
composed of sugar (carbohydrate part) and a fatty acid part. They are 
classified as nonionic surfactants and have seen an increased interest in their 
use during the last twenty years. They are environmentally compatible and still 
retain functional surface properties comparable to those chemical-based 
surfactants. Glycolipid biosurfactants, particularly rhamnolipids and 
sophorolipids also demonstrate improved skin compatibility, which is a 
characteristic that is highly desirable for personal care and cosmetic 
applications. The production of glycolipid biosurfactants via the fermentation 
pathway has led to the replacement of first generation glycolipids (i.e., alkyl 
poly glucosides), substituting those generated by chemical methods.8 The 
production of sophorolipids is also attractive from a substantial consideration. 
It has been estimated that in the Europe, 50% of current surfactant production 
derives the hydrophobic component from palm or coconut oil 9 diverting these 
materials away from food production. Glycolipds includes sophorolipids, 
rhamnolipids, mannosylerthritol lipids and cellobiolipids. These are produced 
in high yield by nonpathogenic yeasts or bacteria where the most productive 
strains (Table 1-1) are belonging to different species. 10 
2 
 
Table 1-1: Microbial source of important types of biosurfactants 8 
 
Biosurfactant type Producing organism 
(Low molecular weight) Glycolipids 
Rhamnolipids  Pseudomonas aeruginosa, Pseudomonas sp.  
Trehalolipids  
Rhodococus Erythropolis, Nocardia erythropolis 
Mycobacterium sp.  
Sophorolipids  
Candida. bombicola, Camdida. apicola, and 
Rhodotorula bogoriensis  
Mannosylerythritol lipids  Pseudozyma antarctica  
Cellobiolipids  Ustilago zeae, U. maydis  
Lipopeptides and lipoproteins 
Peptide-lipid  Bacillus licheniformis  
Serrawettin  Serratia marcescens  
Viscosin  Ps. fluorescens  
Surfactin  Bacillus. subtilis  
Gramicidins  Bacillus. brevis  
Polymyxins  Bacillus. polymyxa  
Fatty acids, neutral lipids and phospholipids 
Fatty acids  C. lepus  
Neutral lipids  R. erythropolis  
Phospholipids  Thiobacillus thiooxidans  
Polymeric surfactants 
Emulsan  
Acinetobacter calcoaceticus  
 
Biodispersan  
Acinetobacter. calcoaceticus  
 
Mannan-lipid-protein  
 
Candida. tropicalis  
 
Carbohydrate-protein- 
lipid  
Pseudomonas. fluorescens Debaryomyces polymorphis  
Protein PA  Pseudomonas. aeruginosa  
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1.1 Surfactants 
 
1.1.1 Definition of surfactants and their applications 
 
         Surfactants are defined as surface-active agents capable of decreasing 
the surface tension between two different phases e.g., liquids, solids, and 
gases, allowing them to disperse readily in liquids. Most surfactants are 
produced by organic chemical reactions and are considered as amphiphilic 
molecules (Figure 1-1) i.e., they are composed of a hydrophilic and a 
hydrophobic part that interact with the phase boundary in liquid systems. The 
hydrophobic, non-polar “part” is usually a hydrocarbon chain whereas the 
hydrophilic, polar “head” can be derived from a variety of different polar 
entities including carbohydrates, alcoholalkoxylates, amino acids, phosphates, 
carboxylates, sulphates, and sulphonates. 11 
 
Figure 1-1: Surfactant molecules organised on an air–water interface 
 
         Surfactants are the most important products of industrial chemicals with 
a current total global production exceeding 10 million tons a year and is 
estimated half of that is used in household and laundry detergents, while the 
other half involved in a variety of industrial sectors, such as the chemical and 
food industry, cosmetics and personal care and paper industry. 12-14 In addition 
to their use as surface-active agents, a number of surfactants possess 
biological activity including antimicrobial, antitumor, and antiviral properties. 15-
18  
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         Currently, a number of commercial surfactants are petroleum-based 
products around 80%. These surfactants are not very biodegradable and 
possess high levels of ecotoxicity, therefore, there is an increasing concern 
about the large-scale use of a number of common chemical-surfactants. 5,6,19 
 
1.1.2 Characteristics of surfactants 
 
         The activity of a surfactant can be evaluated by determining its ability to 
lower the surface tension between either oil and water inter-phases or water 
and air interface. The symbols γ or σ are detonated for the surface tension, 
which is the force (F) along a line with length (L), where the force is parallel to 
the surface and perpendicular to the line. Surface tension is defined as the 
force per unit length (γ= F/L) and the SI unit of surface tension is N/m.  
Another characteristic of surfactants which is used to determine their 
performance is their critical micelle concentration (CMC, Figure 1-2) which is 
referred to as the concentration above which the micelles are formed. 
Surfactant molecules can align themselves with the surface of the air-water 
interface such that the polar group interacts with water and the non-polar 
group are arranged above the water surface. The way these molecules 
present at the interfacial surface will disrupt the surface’s cohesive force, thus 
reducing the surface tension. 
 
Figure 1-2: A plot of log surfactant concentration versus surface tension showing the 
CMC formation point established when the micelles start to form. 20 
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       The surface tension decreases after the addition of the surfactant to the 
water until the CMC is reached. Beyond the CMC point, the addition of 
surfactant will cause no further decrease in surface tension as micelles are 
already formed, meaning that hydrophobic groups are oriented within the 
micelles and hydrophilic groups are exposed to the water. To determine the 
surface excess Γmax of a surfactant component, Gibbs derived a mathematical 
equation, which explains the relationship between the surface tension γ and 
the surface excess Γmax, which is defined as the adsorption per unit area. 21 
The equation is dγ /dlog C= −2.303 Γ RT…. (1-1), where C: the concentration 
of surfactant, R: the gas constant, and T: the absolute temperatures. Thus, 
the amount of the adsorbed surfactant Γmax (mol/m2) 21 can be determined 
using this adsorption equation. 
1.2 Biosurfactants 
 
1.2.1 Introduction 
       Biosurfactants are biologically produced molecules, which are 
synthesised using microorganisms (yeast, fungi and bacteria) when they are 
grown in an aqueous media and supplied with a carbon source as a 
feedstock, such as mixtures of carbohydrates, hydrocarbons, oils and fats. 22 
Biosurfactants are usually composed of a lipophilic part e.g. a carbohydrate, 
protein, or peptide and a hydrophobic chain e.g., a hydrocarbon chain of a 
fatty acid with 10 to 18 carbon atoms. The hydrophilic head can be an amino 
acid, ester, hydroxyl, carboxylate, mono-, di-, or polysaccharides. 23,24 As this 
research project focuses on the glycolipid sophorolipids, this group will be 
discussed in more detail.  
      The chemical structure of biosurfactants is mainly determined by the 
producing organism and is also influenced by the culture conditions. 
Biosurfactants are classified according to their structure into one of four 
groups based on their chemical composition: (1) glycolipids, (2) oligopeptides 
and lipopeptides, phospholipids, (3) fatty acids and neutral lipids and (4) 
polymeric biosurfactants. The most important microbial surfactants are listed 
in (Table 1-1).  
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1.2.2 Glycolipids 
 
          Glycolipids are biosurfactants which are composed of polar head 
groups derived from simple sugars which are connected to either fatty acids, 
hydroxy fatty acids or fatty alcohols as the non-polar hydrocarbon tail. The 
sugar component can be mono-, di-, tri- or tetrasaccharides. 25,26 Glycolipids 
are usually produced in high yield and can use renewable resources for their 
carbon feeds and for this reason they are considered as desirable surfactants 
for commercial production. 27 The most studied glycolipids (Table 1-1) are 
rhamnolipids produced by Pseudomonas sp., 28 mannosylerythriol lipids 
produced by Pseudozyma Antarctica, 29 trehalose lipids produced by 
Rhodococcus sp., Nocardia sp., 30 and sophorolipids produced by Candida 
bombicola and Candida apicola. 30,31 
1.2.2.1 Rhamnolipids 
 
          Rhamnolipids are synthesised by the bacteria, P. aeruginosa, 32-34 
which can generate materials with yields higher than 100 g/L. Rhamnolipids 
are a combination of a number of similar molecules. To form the most 
important types of rhamnolipids, either one or two rhamnose molecules linked 
to one or two β-hydroxydecanoic acids. 33,35 Figure (1-3) shows the structure 
of a rhamnolipid with two rhamnose molecules and two β-hydroxydecanoic 
acid units. 
 
Figure 1-3: Chemical structure of rhamnolipid 
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1.2.2.2 Sophorolipids 
 
        Sophorolipids (SLs) are glycolipid surfactants, which are composed of 
the disaccharide sophorose (2-O-β-D-glucopyranosyl-α-D-glucose) linked by a 
β-glycosidic bond to a hydroxyl fatty acid chain of between 10 to 18 carbon 
atoms (Figure 1-4). Sophorolipids are produced by various microorganisms, 
such as; Torulopsis sp. or Candida sp., such as C.bombicola, C.apicola and 
Wickerhamiella domercqiae has also been shown to produce sophorolipids. 
36,37 
 
 
 
  
 
Figure 1-4: Chemical structure of natural sophorolipids 
          
        Natural (classical) sophorolipids are of two types namely, the acidic and 
the lactonic form. The hydroxylated fatty acid chain of the acid form 
sophorolipid possesses a free carboxylic acid (COOH) functional group. In 
contrast, the fatty acid chain of the lactone sophorolipid forms a macrocyclic 
lactone ring in which the 4"-hydroxyl group of the sophorose is attached to the 
lipid by intramolecular esterification. 38,39 
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1.2.2.3 Mannosylerythritol lipids  
 
            The mannosylerythritol lipids (MEL) are classified into four types: MEL-
A and B as major classes, MEL C and D as minor products (Figure 1-5). The 
mannose-erythritol moiety is the main sugar component of these glycolipids 
on which either a short chain fatty acid of C-2 to C-8 or longer chain of C-10 to 
C-18 carbon atoms are acetylated. 29,30,41  
            MELs demonstrate excellent interfacial surface-activity. They were 
produced by Pseudozyma siamensis and capable of reducing the water 
surface tension to 35 mN/m at 25 ⁰ C. They also possess biological activity, 
such as protein binding towards immunoglobulin G and lectin. 22, 42 
     
 
 
 
 
 
Figure 1-5: Chemical structure of mannosylerythritol lipids (MEL): Type A: R1 = R2 = 
acetyl, Type B: R1 = acetyl and R2 = H, type C: R1 = H, R2 = acetyl, type D: R1 = R2 = H, n 
= 6-12. 30 
 
1.2.2.4 Trehalose lipids 
 
            Trehalose glycolipids, possess the α-1,1 linked glucoses as a 
disaccharide and are attached to mycolic acids at C-6 and C-6′ position. 
Mycolic acid is long chain α-branched-β-hydroxy fatty acids (Figure 1-6). 
Trehalose lipids are produced by bacteria such as Mycobacterium sp., and 
Rhodococcus sp. However, R. erythropolis was found the most productive 
strain that synthesises a mixture of surfactants. 24 The major components are 
trehalose mycolates.  
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         It was demonstrated that specific growth conditions, nitrogen deficiency, 
can lead to the production of anionic trehalose tetra-esters.  24,43 
 
 
 
 
 
       
 
Figure 1-6: Chemical structure of trehalose-dicorynomycolates. n + m = 27 to 30.8 
 
1.2.3 Lipopeptides 
 
         The chemical structures of lipopeptides are composed of amino acids 
linked to fatty acids chain. There are many types of lipopeptides synthesised 
by bacteria, among them Bacillus subtilus, which produces surfactin, that 
comprises of seven amino acids attached to a carboxyl (COOH) and hydroxyl        
(OH) groups of a C-14 fatty acid chain (Figure 1-7). Lipopeptides possesses 
antibacterial, antifungal and antiviral activities. 44 The antibiotic activity is 
linked to the lipopeptides ability to reduce the surface tension of water from 
72.8 to 27.9 mN/m. 45 
 
 
 
 
 
Figure 1-7: Structure of surfactin  
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1.2.4 Fatty acids 
 
        These biosurfactants are composed entirely of a carboxyl group with a 
long methylene hydrocarbon chain; some examples are spiculisporic acids 
and corynomycolic acids. Alkanes hydrophobic substrates are necessary for 
the growth of significant number of yeasts, fungi and bacteria (Aspergillus sp. 
and Acinetobacter sp.) to secrete considerable amount of fatty acids, 
phospholipids or neutral lipids to assist the utilization of the carbon source. 46 
 
1.2.5 Phospholipids 
 
         A number of particular bacterial strains, such as Aspergillus sp.,47 and 
Thiobacillus thiooxidans 48 are capable of synthesising phospholipid based 
biosurfactants. For instance, phospholipid-based biosurfactants were 
produced by acinetobacter sp., when grown on hexadecane as a substrate. 
The phosphatidylethanolamine, structure shown in (Figure 1-8) was produced 
by Rhodococcus erythropolos when grown on an n-alkane substrate.  
 
 
 
 
 
 
 
Figure 1-8: Structure of phosphatidylethanolamine, R1 and R2 are fatty acid chain 24 
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1.2.6 Polymeric biosurfactant 
        
         Polymeric biosurfactants are composed of several components. 
Emulsan is a known studied example of a polymeric surfactant, which is 
produced by Acinetobacter calcoaceticus. The structure of emulsan 
composed of a polysaccharide backbone to which fatty acids are linked 
covalently. 49 Another example synthesised by the yeast Yarrowia lipolytica is 
liposan, a complex of carbohydrate and protein. 50 
 
 
 
 
 
                                         
 
 
Figure 1-9: Structure of emulsan 51-52 
 
1.3 Sophorolipid production 
 
1.3.1 Introduction 
 
         As was stated above, sophorolipids are biosurfactants in which the 
disaccharide sophorose is linked to a hydroxy fatty acid. As sophorolipids are 
the main focus of the current research programme more details about the 
organisms producing these biosurfactants and the biosynthetic pathway 
leading to sophorolipid production will be provided in section 1.3.4. 
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1.3.2 Sophorolipids producing microorganisms 
 
          Gorin et al., 53 were one of the first researchers who described 
sophorolipids as extracellular glycolipids produced by the yeast Torulopsis 
magnoliae. In 1968, Tulloch and Spencer confirmed that the secreting strain 
was T. apicola, which is recently known as Candida apicola. During the same 
year, the authors also reported the use of Candida bogoriensis in the 
production of a new sophorolipids. 54 The sophorolipids chemical structure is 
analogous to that of sophorolipid produced by Candida apicola, however, it 
differs only at the point where the sophorose moiety is linked to a 13-
hydroxydodecanoic acid moiety. 
          The species, Candida bombicola (or Torulopsis bombicola); was the 
third productive yeast strain, which was also discovered by Tulloch and 
Spencer. The production yield and structure characteristics were nearly 
identical to those of C. apicola. 55 In 1998, the yeast species Starmerella 
bombicola was described by Rosa and Lachance and presented it as 
C.bombicola. Later on, in 2006, Chen et al., confirmed the production of 
sophorolipid using a newly discovered strain of Wickerhamiella domericqiae. 
40,18 In their study, they confirmed the production of more than six 
sophorolipids, one of the three major products was identified as 17-L-(-oxy)-
octadecenoic acid 1,4′′-lactone-6′,6′′-diacetate, which is identical to the main 
sophorolipid form produced by the strain; C. bombicola and C. apicola.  
          The yeast Candida bombicola ATCC 22214 (Figure 1-10) is known to 
produce high yields of sophorolipids, approximately, 400 g/L. 56 Therefore, it is 
considered as the preferred strain for commercial production. 
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Figure 1-10: Microscopic image of C. bombicola cells, the length of the bar is 5 μm. 57 
                 
 
 
1.3.3 Structure, properties and nomenclature 
          
          Sophorolipids are composed of a terminal or subterminal hydroxylated 
fatty acid, sophorose (2′-O-β-D-glucopyranosyl-β-D-glucopyranose) is a 
molecule containing two glucose joined with the β-1,2-glycosidic bond. The 
lactone sophorolipid is acetylated on the C-6′ & C-6′′ position of sophorose 
moiety (Figure 1-4). The fatty acid is usually hydroxylated on C-17 position 
(terminal of subterminal), which is β-glycosidically linked to the sophorose 
moiety. The carboxylic functional group of the fatty acid is either remains 
unreacted (acidic form) or esterified internally at position C-4″ of sophorose 
moiety (lactonic form). In general, the hydroxy fatty acid chain length is 
between 16 to 18 carbon atoms with one or more double bonds. 37,58 
C.bombicola synthesized a mixture of sophorolipids with variation in the fatty 
acid moiety, such as the length of chain, degree of unsaturation, and point of 
hydroxylation as well as the lactonization and acetylation. The structural 
variation of sophorolipids was first studied by Asmer and co-worker. 37  Their 
study showed that the sophorolipid mixture could be separated using medium 
pressure liquid chromatography (MPLC) and TLC.  
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      The results confirmed the separation of 14 components based on their 
lactonisation and acetylation pattern. Though, the length and hydroxylation 
pattern of the fatty acid chain were not investigated.  Another study by Davila 
et al., 58 reported the separation of sophorolipid mixture using gradient elution 
HPLC and employing the detector evaporative light scattering for the 
identification of individual sophorolipids. The authors separated over 20 
components. These different structural variations in sophorolipids impart wide 
variation in their interfacial properties. Sophorolipids are reported to reduce 
the surface tension of water from 72.80 mN/m to 40-30 mN/m, with a critical 
micelle concentration (CMC) of 40 to 250 mg/L. 59 The ratio of acid to lactone 
forms has a significant effect on the hydrophilic/lipophilic balance, foam 
formation, and antimicrobial activity. The lactones sophorolipid have improved 
interfacial properties and antimicrobial activity; whereas the acid form 
demonstrates better foam formation and good solubility. Furthermore, the 
substituted acetyl groups have a significant effect on the properties of 
sophorolipids. It has found that acetyl groups reduce the hydrophilicity of the 
molecules and improve their antiviral, surface tension and cytokine effects. 60 
      The nomenclature of sophorolipids was introduced by Gorin et al., 53 
however, most authors have used the nomenclature introduced by Davila et 
al., 58 Table (1-2), shows the conventional as well as common nomenclature 
used with the major sophorolipids. Figure (1-11) matches the nomenclature 
with the structure of the corresponding sophorolipid. During the synthesis, the 
sophorose fragment of the sophorolipid is not affected by the use of different 
glucosidic substrates. 61 Glucose is the preferred sugar source for the 
biosynthesis of sophorose, although C.bombicola can grow in various 
carbohydrates. Glucosidic substrates that have been used in the production of 
sophorolipids include glucose, sucrose, fructose and mannose. 62,63 Oleic acid 
is also the preferred fatty acid for the incorporation into the lipidic backbone of 
the sophorolipids; however, other fatty acids can comprise the lipidic 
backbone. Moreover, the position of the attachment of the carbohydrate 
component occurs on the penultimate (ω-1) carbon of the fatty acid with minor 
bonding occurring to the ultimate carbon. 53, 54, 55 
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i. R1=R2= COCH3 (main component)                                        v.  R1=R2= COCH3                 
ii. R1= COCH3, R2= H                                                                 vi. R1= COCH3, R2= H                                                    
iii. R1= H, R2= COCH3                                                                                                        Viii.  R1= H, R2= COCH3                                                                                                                         
iv. R1=R2= H                                                                                 viii. R1=R2= H                                                                     
 
Table 1-2: Nomenclature of major sophorolipids. 46 
Common name Traditional (IUPAC) Link (Fig.1-11) 
Sophorose 2-O-β-glucopyranosyl-β-D-
glucopyranose 
 
Diacetylated acidic 
sophorolipids or acid 6',6"-
diacetate 
17-L-((2'-O-β-D-glucopyranosyl)-
oxy)-9-octadecenoic acid 6',6"-
diacetate 
v, R1=R2=Ac 
Acetylated acidic 
sophorolipids or acid 6'-
monoacetate 
17-L-((2'-O-β-D-glucopyranosyl)-
oxy)-9-octadecenoic acid 6'-
monoacetate/6"-monoacetate 
vi, R1=Ac, R2=H 
vii, R1=H, R2=Ac 
Non-acetylated acidic 
sophorolipids or acid 
sophorolipids 
17-L-((2'-O-β-D-glucopyranosyl)-
oxy)-9-octadecenoic acid 
viii, R1=R2=H 
Diacetylated lactones or 1',4"-
lactone 6',6"-diacetate 
17-L-((2'-O-β-D-glucopyranosyl)-
oxy)-9-octadecenoic acid 1',4"-
lactone 6',6"-diacetate 
i, R1=R2=Ac 
6'-acetylated lactones or 1',4"-
lactone 6'-monoacetate 
17-L-((2'-O-β-D-glucopyranosyl)-
oxy)-9-octadecenoic acid 1',4"-
lactone 6'monoacetate/6"-
monoacetate 
ii, R1=Ac, R2=H 
iii, R1=H, R2=Ac 
Non-acetylated lactones or 
1',4"-lactone sophorolipids  
17-L-((2'-O-β-D-glucopyranosyl)-
oxy)-9-octadecenoic acid 1',4"-
lactone 
vi, R1=R2=H 
 
 
 
     Figure 1-11: Structural classes of possible forms of lactone and acid sophorolipids 
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1.3.4 Biosynthesis of sophorolipids  
 
        The proposed biochemical pathway of sophorolipids is outlined in (Figure 
1-12). The synthesis of natural sophorolipid involves the presence of a 
hydrophilic carbohydrate source and a lipophilic hydrocarbon source, such as 
an alkane, a fatty acid alcohol or a fatty acid. For high production yield, both 
carbon sources should be provided in the production medium, or other 
substrates, such as triglycerides, methyl or ethyl esters fatty acids were also 
frequently utilized. The C. bombicola and C. apicola species can grow on 
hydrocarbons as they possess the necessary enzymes for the β-oxidation 
step of alkanes on the terminal carbon C-17, to produce hydroxyl fatty acids. 
Therefore, alkanes or the terminally oxidised intermediates can act as 
feedstock with bioconversion to the hydroxy fatty acid.  
        The initial step of biosynthesis involves the conversion of lipophilic 
hydrocarbon source (fatty acids) to a terminal (ω) or subterminal (ω-1) 
hydroxy fatty acids based on the action of (NADPH) monooxygenase enzyme-
dependent, cytochrome P450. 63  The P450 is capable of hydroxylating fatty 
acids or alkanes at the terminal (ω) or sub-terminal (ω-1) positions. 64,65 In 
2007, a study by Van Bogaert et al., 66 on sophorolipids produced by C. 
bombicola confirmed the isolation and identification of the cytochrome P450 
reductase gene (CPR). The cytochrome P450 reductase function reduces the 
heme centre of cytochrome P450 monooxygenase, which is then activated 
molecular oxygen. The study also reported the involvement of the 
glucosyltransferase enzyme in the sophorolipid synthesis by C. bombicola. 
Further to the Bogaert study, it was confirmed by Saerens et al., 25,26 that 
there are two independent glucosyltransferases in C.bombicola, which are 
responsible for sophorolipid synthesis. As shown in the pathway (Figure 1-12) 
the first glucose molecule is coupled with position C-1′ glycosidically to the 
fatty acid hydroxyl group. This reaction involved a specific glucosyltransferase 
I action and requires nucleotide-activated glucose (UDP-glucose) as glucosyl 
donor. 27 The second step involves the addition of another glucose molecule, 
which is glycosidically coupled on C-2′ position to the first glucose moiety by 
the action of glucosyltransferase II. 66,67 
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Figure 1-12: Proposed sophorolipid biosynthetic pathway given by Bogaert and 
coworkers. 66 
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          After the action of glycosyltransferase II, the sophorolipid formed and 
detected in the mixture as non-acetylated acidic molecules. After this step, 
modifications in the sophorolipid structure (lactonization) also occur through 
the internal esterification action followed by substitution of the acetyl groups 
on the sophorose moiety. Thus, the esterification process involved the 
reaction of the COOH-group of the hydroxy fatty acid with an O-H group at the 
C-4" position on sophorose, produced the lactone form by the action of a 
specific lactone esterase. 37 The (CoA) dependent acetyltransferase catalysed 
the acetylation of the C-6s position on sophorose moiety. 28,29  
 
1.4 Physiological role of sophorolipids 
 
          A study on glycolipids reported that the microbial surface-active 
compounds are produced by the assimilation of hydrophobic or water 
insoluble substrates by microorganisms.30 Sophorolipids emulsify the 
hydrocarbon substrates in the water phase and thus make them accessible to 
the microorganisms; 31 it was also proposed that the production of 
sophorolipids by C.bombicola is associated with uptake of carbon sources. 32 
Another study suggested that sophorolipids can be utilized as a feedstock 
(carbon source) during the starvation period (lag phase) of sophorolipids 
fermentation. 33 Moreover, sophorolipids demonstrate an antibacterial activity 
against particular Candida and Pichia yeasts species 30 and this may provide 
the parent strain with a competitive advantage. The mono- and diacetylated 
lactonic forms possess the strongest inhibitory effect. 68 
 
1.5 Application of sophorolipids 
 
         Currently, sophorolipids are considerable as desirable as they are 
biodegradable, they have good foaming properties and are effective 
emulsifiers. Sophorolipids are being used by  the Belgian company Ecover NV 
69 as ecological detergents, cleaning agents, and cosmetics.  
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        The same company has formulated sophorolipids into products for use 
as hard surface cleaners for floor and window cleaning. 59 
         In 2002, the Japanese company Saraya Co, Ltd., developed products for 
applications in dishwasher which employ sophorolipids as cleaning agents. 70 
Sophorolipids have also been applied in laundry detergents. 38 Sophorolipids 
based products were approved by the Food and Drug administration (FDA) 
and commercially available, for use in cosmetics and skin care products. The 
chemical modification of sophorose moiety via the substitution of hydroxyl 
alkyl groups resulted in the formation of hydroxyl propyl-etherified glycolipid 
ester. The later has been used in the production of lip rouge and cream as 
well as powdered cosmetic formulations. 41,71 
        Sophorolipids act as an emulsifying as well as bactericidal agents and 
are used in the treatment of skin rash, in anti-dandruff shampoos and to 
combat body odours. The lactone form is used as an emulsifier in cosmetic 
formulations. 72 It has been confirmed that sophorolipids exhibit a lower 
cytotoxicity than the existing commercial cosmetic biosurfactant surfactin and 
other chemical surfactants. 73 The emulsifying properties of sophorolipids 
have found uses in the petroleum-based industry, being effective in the field of 
oil recovery, and cleaning of drill material. 74,75 Sophorolipids have been 
involved in environmental bioremediation e.g., for the treatment of soils 
contaminated by hydrocarbons and in the elimination of heavy metals from 
dirty soils. 76 The sophorolipids emulsification properties were applied in food 
manufacturing to improve the quality of bakery-based products and in the air 
conditioning storage system for the prevention of ice particle formation. 77 
        Sophorolipids have important biological properties. They can be 
formulated in germicidal mixtures which are appropriate for cleaning                   
vegetables and fruits. 78 Sophorolipids also possess antifungal activity against 
pathogenic fungi, such as Pythium sp. and Phytophthora sp. Sophorolipids 
are reported to have sperm-immobilizing activities and are active against the 
human immunodeficiency virus. 15,16  Sophorolipids also have anticancer 
properties and activity against a number of cancer cell lines including the 
human leukemia cell line HL60 and human liver cancer cells H7402. 17,79                   
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Sophorolipids acts as septic shock antagonists 80 and can act as anti-
inflammatory agents. 81 
        Furthermore, sophorolipids are capable of inducing several enzymes. 
Research conducted on sophorolipids revealed that sophorolipid can act as 
an inducer for cellulase production. 82 Sophorolipids are reported to induce the 
production of amylase in Bacillus subtilis and manganese peroxidase 
production in Pleurotus ostreatus. 83 
        Sophorolipids have numerous applications in nanotechnology, such as in 
the manufacture of metal nanoparticles; nanoparticles were stabilized using 
sophorolipids as a capping agent to stop their accumulation and allowed their 
distribution in water of organic solvents. For example, acidic sophorolipids 
was used to encapsulate silver or cobalt particles, the fatty acid part 
interacting with the metal particle either through the terminal carboxylic group 
or through the double bond while the sophorose moiety is exposed to the 
solvent; therefore, nanoparticles acquire hydrophilic properties and are easily 
dispersible in water. 84 
1.6 Enzymatic or chemical modification of sophorolipids  
 
        The chemical / enzymatic modification of natural sophorolipids has been 
used in the production of new compounds with improved biological and 
surface tension properties. These modifications reduced the structural 
variability of sophorolipids. For example, the alkaline hydrolysis of natural 
lactone SLs, which is esterified on C-6s position, is a usual practice to 
produce the deacetylated acid form sophorolipid. Therefore, the aqueous 
alkaline or acidic hydrolysis can convert the lactone form into the non-
acetylated acidic form. 85 Moreover, deacetylated sophorolipids have also 
been generated using acetylesterase (EC.3.1.1.6) to remove both acetyl 
groups, whereas cutinase (EC.3.1.1.74) from Fusarium solani can specifically 
hydrolyse the acetate group on C-6' position only. 37,66,86     
            Sophorolipids have also been enzymatically modified using glycosidases 
and lipases, for example, several glycosidases (hesperidinase EC.3.2.1.40, 
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pectolyase EC 3.2.1.15 and naringinase EC 3.2.1.40); have been used to 
remove one glucose molecule from sophorose moiety to produce the 
glucolipids. 87  Another study reported the use of the porcine pancreatic lipase 
(PPL, EC 3.1.1.3) to stimulate polymerization and de-acetylation of the 
lactone form. 88 
        Other modifications include the conversion of the carboxylic-COOH 
group of the fatty acid chain into alkyl ester. The preparation of alkyl esters 
sophorolipid was first reported in attempts to improve the properties of 
commercial products, such as bread and oily emulsions based-products. 89 In 
2004, a study 90 of the synthesis of alkyl esters sophorolipids inspected the 
physical properties of methyl, ethyl, propyl and butyl ester and confirmed that 
the surface-tension ability reduced by approximately a 1/2 per every additional 
methyl group added to the ester terminal. Novozyme 435 (EC 232-619-9) has 
been used to re-acetylate the hydroxyl groups on the C-6s position of 
sophorolipid esters as well as to promote the lactonization of the acidic form 
into the lactonic form at C-6" position of the sophorose moiety. 91,92 In 2003 
Carr and Bisht reported the peracetylation of the free hydroxyl groups on 
sophorose moiety of the methyl ester sophorolipids as a way of blocking -OH 
groups. 93 
       Finally, recently a number of newly synthesised amino acid derivatives 
have been prepared. Some amino acids have been attached to the 
sophorolipid carboxylic group using di-carbodiimide as an activator. In this 
reaction, the non-ionic sophorolipids can be modified into cationic or anionic 
surfactants, which improve the molecule water solubility and the head group 
(amino acids) provide an opportunity for further chemical derivatisation. 94 
 
1.7 Structure characterisation and analysis of sophorolipids 
 
       Different analytical techniques have been used for the structure 
elucidation and characterisation of sophorolipids including 1H- and 13C-NMR, 
GC-MS, MS, chromatography and FT-IR. One of the first most frequently used 
techniques for sophorolipid analysis is MS.  
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         This technique provided data, such as the molecular mass and, through 
the observation of fragmentation ions, vital structural information of 
sophorolipids. Examples of the use of MS include the identification of 
sophorolipids using (MALDI-TOF) MS in the work of Bisht et al., 91 and 
Kurtzman et al. 95 Atmospheric pressure chemical ionization (APCI) and 
electrospray ionization (ESI+/-) are the usual HPLC-MS interfaces utilized in 
the characterisation of sophorolipids. 96-100 A high resolution chromatographic 
and fast liquid method coupled with APCI-mass detection (UHPLC/APCI-MS) 
was used and applied for the quantitative separation of sophorolipids 
analogues synthesised by C.bombicola. 101    
         The second beneficial analytical technique utilized for the 
characterisation of the hydroxylated lipid moiety incorporated in the 
sophorolipids backbone is GC-MS. GC-MS is particularly useful for 
sophorolipids which display variations in their lipid moiety: Fatty Acid Methyl 
Ester (FAMEs) analysis offers essential structural information for the 
identification of the sophorolipid’s fatty acid. To carry out this analysis, it is 
necessary to perform an acid catalysed methanolysis of the bond that links 
the sugar moiety to the lipid chain followed by the esterification of the lipid 
chain. This technique was used by Davila and colleagues 58 to analyse a 
number of sophorolipids. The same method was also used with slight 
variations by Cooper and Cavalero 102 and Ma and colleagues. 103  
        The third technique which has been used to characterise sophorolipids is 
NMR and can provide complete identification, facilitating the structural 
characterisation of functional groups and the degree of acetylation within the 
sophorolipids. 37,86 The 1D- & 2D-NMR analysis has been conducted on pure 
sophorolipids and their derivatives by several researchers. 90,91,93,104  
        The final analytical technique which is routinely used for the analysis of 
sophorolipids is FT-IR. Studies conducted by Hu & Ju in 2001 and Davery & 
Pakshirajan have reported the use of FT-IR to characterise the sophorolipid 
functional groups permitting the confirmation of acidic and lactonic structures. 
105-107 
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 1.7.1 Analysis of carbohydrates 
 
         The analysis of the carbohydrate components of sophorolipids has not 
received a lot of attention. Monomer analysis is a technique which is 
frequently employed to determine the monosaccharides in glcoconjgates 
including in glycolipids, in monomer analysis the glycol-conjugate is subjected 
to a hydrolysis reaction, generally employing trifluoroacetic acid (TFA) as a 
catalyst to promote the release of neutral sugars which are then analysed 
using GC-MS and HPAEC-PAD, in the GC-MS methods, after the 
conventional hydrolysis 108,109 derivatisation is undertaken to form alditol 
acetates, which are then analysed by GC, this technique has been 
progressively replaced by direct analysis of monomers using HPAEC-PAD 
which avoids the need for a derivatization step. 110 The acid role is to cleave 
the glycosidic bond between monosaccharide residues and the lipid portion of 
the sophorolipids. TFA is the preferred acid, being volatile and can be 
removed easily prior to HPAEC-PAD and GC-MS analysis. The monomer 
analysis reaction scheme is shown in (Figure 1-13) below: 
 
 
 
                          Figure 1-13: Monomer analysis reaction scheme 
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1.7.1.1 High-Performance Anion-Exchange Chromatography with pulsed 
Amperometric Detection (HPAEC-PAD) analysis 
 
           The HPAEC-PAD is a modern technique, which is commonly used to 
determine anionic analytes without derivatisation, combined with high 
selectivity and sensitivity. It is a valuable method for the identification and 
quantification of sugars: mono-, di-, tri-, and oligosaccharides. 111-114 This 
chromatographic technique is sensitive for the analysis of monosaccharides 
and disaccharides. 112-115 HPAEC is used to separate analytes that can be 
ionized at high pH values (i.e., carbohydrate > pH12) carbohydrate in a 
suitable alkaline condition will ionize; thus, separation occurs via an ion 
exchange mechanism within a positively charged anion exchange column and 
using sodium hydroxide eluents at high pH. Detection is accomplished by 
monitoring the electrical current change resulting from the oxidation of sugars 
on the surface of a working electrode (gold or platinum) located in the pulsed 
amperometric detector (PAD). This detector offers low detection and its 
suitability for gradient elution. 116 Overall, HPAEC-PAD has the advantage of 
assisting the separation of carbohydrate and their quantification with low 
detection limits and using NaOH as an inexpensive and relatively safe eluent. 
116 
1.7.1.2 Gas Chromatography-Mass Spectrometry (GC-MS) analysis 
 
           This technique is considered as the most valuable technique for the 
analysis of the monomer composition and linkage analysis of sugars. The key 
advantage of GC-MS compared to liquid chromatography is the much higher 
separation power of the GC in relatively short retention times. Although the 
resolution in GC is very effective compared to other separation techniques, a 
derivatisation step is essential. In GC analysis, the sugars need to be 
converted into volatile and stable derivatives prior to analysis. The typical 
derivatisation techniques involve the substitution of the polar groups of 
carbohydrates. The most common derivatives for GC analysis of saccharides 
117-119 are methyl ethers, acetates, trifluoroacetate, and trimethylsilyl ethers. 
109,120   
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          The main elements of derivatisation method involve the conversion of 
neutral sugars to alditols via reduction and their subsequent acetylation. The 
product is then dissolved in a volatile solvent prior for analysis by GC-MS. 121 
1.7.1.3 Linkage analysis method  
 
          The methylated alditol acetate method is a technique which is routinely 
applied for the determination of the linkage patterns in carbohydrates and will 
be employed for this purpose in the current project. The method which is 
frequently called linkage analysis involves the conversion of carbohydrates 
into their per-O-methylated derivatives which are then hydrolysed, reduced 
and converted into permethylated alditol acetates (PMAAs), followed by 
analysis by GC-MS. A schematic representation of the method can be 
observed in (Figure 1-14) below:    
 
 
 
                                        Figure 1-14: Linkage analysis reaction scheme 
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        The linkage analysis techniques used in this study was originally 
developed by Stellner and co-workers, 122 and the main aim is to find the 
linkage patterns in the repeating sugar units. Generally, in this method the 
methylated alditol acetate (Figure 1-14) are analyzed by GC-MS. 123,124 The 
methoxy groups identify where a free hydroxyl group was present and the 
acetylated sites display where there was a glycosidic linkage to another 
monosaccharide or where ring formation was present. 
 
        The per-O-methylation of carbohydrates is a crucial step for determining 
the position of the glycosidic links. 125  In 1903, Purdie and Irvine 126 were the 
first to prepare O-methylated sugar by treating carbohydrates in methanol with 
methyl iodide (CH3 I) in the presence of silver oxide (Ag2O). Later on, Denham 
and Woodhouse, 127 subjected aqueous carbohydrates to a solution of sodium 
hydroxide (NaOH) and dimethyl sulphate (Me2SO4). Both methods produced 
O-methylated carbohydrates. In 1964, Hakomori, 128 prepared the per-O-
methylation of polysaccharides in a single step, by mixing a solution of sodium 
methyl sulfinyl carbanion (Na dimsyl or NaDMSO) to methyl iodide (MeI) 
which was added to the carbohydrate dissolved in dimethyl sulfoxide. The 
preparation of the dimsyl reagent is found to be hazardous and laborious. 
Another method involves adding a small amount of solid sodium hydride into 
the carbohydrate dimethylsulfoxide solution 19,129 however the formation of Na 
dimsyl cannot be avoided. The methylation in dimethyl sulfoxide and 
treatment with powdered (NaOH) and methyl iodide was developed by 
Ciucanu for per-O-methylation of carbohydrates. 130,131 This method is not 
sensitive to moisture and gives complete O-methylation in a single step with 
high yields, no side products are observed and a very short reaction time is 
required.  
 
1.8 Glycosidase catalysed glycoside hydrolysis  
 
       Glycosidases, also known as α- and β-glycoside hydrolases are one of 
the groups of enzymes capable of hydrolysing the glycosidic bonds in 
complex sugars, between two or more sugars or between a carbohydrate and 
an aglycone (non-carbohydrate moiety).  
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        Glycosidases are able to catalyse both the synthesis and cleavage of 
glycosidic bonds 132 and display varying degrees of specificity for the 
structural components either side of the glycosidic bond. They are considered 
specific for specific glycosyl moieties and only tolerate a limited range of 
derivatisation within the parent monosaccharide. 133 These enzymes are very 
specific towards the orientation of the glycosidic bond, which means they 
require an exclusive axial or equatorial orientated glycosidic bond. The 
enzyme’s stereochemical specificity results in an absolute distinction between 
anomers of an individual substrate.  
 
 
 
Figure 1-15: Scheme represents substrate specificity of glycosidases. 
 
        Glycosidases are categorized as either retaining or inverting enzymes. 
133, 134 Glycosidases are also classified on the basis of the regioselectivity of 
their reactions and termed as being capable of acting as exo or endo, i.e., 
acting at the reducing or non-reducing end of an oligo/polysaccharide chain.  
 
1.8.1 Proposed glycoside hydrolase mechanism 
 
        The catalytic action of glycosidases is considered to follow a mechanism 
equivalent to that of the acid hydrolysis and proceeds via an oxocarbenium 
ion intermediate. Generally, the hydrolysis of the glycosidic link is catalysed by 
two enzymatic carboxylate residues; one work as a proton donor (acid) and 
the other as a (base). 135-137  
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         The enzyme-stabilised intermediate (transition state) of the hydrolysis 
strongly differs depending on the type of glycosidase used: glycosidases 
proceeding either through retention or inversion of configuration at the 
anomeric centre, do not share the same mechanism. Both mechanisms 
(Figure 1-16) involve the oxocarbenium ion formation, like transition state with 
flattened ring structure at the active site. 138 
 
        In inverting glycoside hydrolases, two enzymatic residues are involved in 
a single-displacement mechanism, where the first carboxylate residue donate 
a H+ (proton) to the central anomeric carbon while the second carboxylate 
base residue eliminates a H+ (proton) from the available H2O molecule, 
enabling its attack on the central anomeric carbon. 139 
 
         In the retaining mechanism, the hydrolysis reaction proceeds through a 
double displacement mechanism, where a carboxylic residue first acts as 
proton donor (acid) and secondly a base involving two steps: in the first step 
(glycosylation), the anomeric carbon is attacked by a nucleophile resulting in a 
glycosyl-enzyme intermediate formation, thus facilitating the leaving group 
departure via providing a proton to the glycosyl oxygen atom. In the second 
step (deglycosylation), the carboxylate acid residue works as a base to initiate 
a water molecule to carry out a nucleophilic attack to hydrolyse the glycosyl-
enzyme intermediate. These steps lead to the retention of the stereochemistry 
at the anomeric carbon centre. 136,137 
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Figure 1-16: Schematic represents the proposed glycosidase mechanism for (a) an 
inverting mechanism and (b) a retaining mechanism proceeding via a glycosyl enzyme 
intermediate. 138 
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1.9 Aims of research 
 
       The first aim of this project was to study in details the nature of the 
products formed during the synthesis of sophorolipid by microbial 
fermentation. A full and detailed characterisation of both sophorolipids and of 
materials found in the waste streams generated during the fermentation and 
during the processing of the sophorolipids was undertaken and full analysis 
explained in chapter 3 & 4. It was hoped that the detailed investigation of all 
these products would provide novel information about the microbial 
biosynthetic pathways that are active during the fermentation process. A 
range of sophorolipids samples was provided by Industrial collaborators 
working in Croda Biotechnology, UK, (Dr. Douglas Cossar and Dr. Timothy 
Miller). The main techniques used were, 1D- & 2D-NMR, FT-IR, HPLC-MS, 
HPAEC-PAD (monomer analysis), and GC-MS (monomer & linkage analysis). 
       The second aim (see-chapter 4) was to investigate the origin of 
components identified in various products in the lactone waste stream; these 
studied included trying to determine the origin of the disaccharides; sophorose 
and isomaltose. This work was to include a study of the stability of 
sophorolipids in acid and alkaline solutions and in the fermentation liquors 
generated at the end of a fermentation reaction. 
       The third aim (see-chapter 5) was to prepare a range of novel 
sophorolipids by their synthesis from sophorose using both enzymes and 
chemical coupling reactions. It was decided to attempt to synthesis a number 
of activated sophoryl-substrates for use in detecting the hydrolase activity of 
enzymes able to utilize sophorolipids as substrates. The chemical structures 
of these derivatives were investigated using NMR, FT-IR and HPLC-MS. 
 
  Finally, the last aim of the project (see-chapter 6) was to study the 
application of the newly synthesized sophorolipids derivatives, namely their 
surface properties, their potential as substrates for monitoring enzyme activity 
and also to investigate their biological activity. 
  
  
 
 
 
 
 
Chapter two: Experimental 
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2. Experimental  
        
          The experimental chapter is divided into four sections; the first section 
outlines the production, characterisation and structure elucidation of 
sophorolipids (Initial sophorolipid products, lactone form and acid form) and 
their derivatives (methyl ester and ethyl ester) as well as the synthesis of 
esterified sophorolipid derivatives via a lipase-catalysed regioselective 
acylation. The second part details the isolation and structure elucidation of 
sophorose from sophorolipid process wastes, sophorolipid chemical reactivity 
and the epimerization of sophorose. The third section outlines the synthesis of 
new sophorolipids from sophorose via a glycosylation reaction. The last 
section details the study of the surface tension properties and biological 
activity of sophorolipids and their derivatives.  
 
2.1 Materials and reagents 
 
          The chemicals, reagents and enzymes utilized throughout the 
experiments were all purchased from Sigma-Aldrich Co. Ltd (Gillingham, Kent, 
UK), Fisher Scientific UK (Loughborough, Leicestershire, UK) and Goss 
Scientific Instruments Ltd (Nantwich, Cheshire, UK). Monosaccharides, 
disaccharides sugar standards and 4-nitrophenyl-α-D-glucopyranoside were 
purchased from Carbosynth (Compton, West Berkshire, UK). The breast and 
prostate cancer cell lines were purchased from ATCC (LGC Standards, 
Teddington, Middlesex, UK). Unless otherwise stated reagents were used as 
supplied. 
 
2.1.1 Sophorolipids and sophorolipid process waste 
 
          Samples of sophorolipids and sophorolipid process waste streams were 
provided by Croda Biotechnology Group (Foundry Lane, Widnes, 
Cheshire, UK). Those were generated from a large-scale fermentation 
process as part of an ongoing commercial production of sophorolipid 
biosurfactants. 
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2.2 Production of sophorolipids and sophorolipid process wastes- 
fermentation process carried out by Croda Biotechnology 
 
        Croda uses a fermentation process employing the yeast C.bombicol 
ATCC 22214 for sophorolipid production. In brief, the process employed by 
Croda includes the cultivation of the yeast on glucose as the main carbon 
source and oleic acid as the lipid source. The oleic acid is an enriched fraction 
of vegetable oil origin, which has primarily 9-octadecenoic acid, but also 
contains some hexadecanoic acid, octadecenoic acid and 9,12-
octadecadienoic acid (total composition: C16:0 (4%), C18:0 (4%), C18:1 
(80%), and C18:2 (11%)).  
        The specific conditions under which the fermentations are performed 
include the use of yeast extract (2.0% w/v), urea (0.2% w/v), glucose (10% 
w/v), DC1510 antifoam (0.5% v/v) as a medium, a temperature of 27 °C, a pH 
range of 3.5-5.7 and the fermentation is run for 7 days.  
 
2.2.1 Production of the Lactone sophorolipid, (2) from the initial crude 
sophorolipid product (1) 
 
         After the performance of the fermentation process, Croda allows the 
broth to settle generating two phases: a lipid-rich phase containing 
sophorolipids (crude sophorolipid mixture (1)) and an aqueous phase. 
Adjustment of the pH to 5.5 of the crude sophorolipid by the addition of 
aqueous alkali [0.1 M] at room temperature provides, after washing with 
water, the sophorolipid lactone (2) (Figure 2-1). 
           Furthermore, the alkaline treatment of the crude sophorolipid and after 
neutralization with acid to pH 5.5 resulted in the generation of a solid lactone 
(2) and an aqueous phase. The aqueous phase contained the free sugar 
sophorose and also free lipid. This aqueous phase is subsequently referred to 
as ‛lactone-waste, 4ʼ.  
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2.2.2 Production of acid sophorolipid (3) from the lactone sophorolipid 
(2) 
 
         The acidic sophorolipid (3) was produced by the alkaline treatment 
(hydrolysis) of the lactone sophorolipid (2). Basically, the lactone sophorolipid 
was heated at 50-70 °C in an aq.KOH solution (a fixed volume of 20 % KOH 
per volume of fermentation harvest was used by Croda), this resulted in the 
lactone ring opening and the deacetylation of the C-6' and C-6" positions 
(Figure 2-1):  
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Figure (2-1): Scheme representing the chemical processes of sophorolipids               
production. (A) The lactone sophorolipid production and (B) The acid sophorolipid 
production. 
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2.3 Analytical techniques and structural characterisation 
 
       Sophorolipids samples and their derivatives were analysed and their 
chemical structures were characterised by various analytical approaches. This 
section will describe different analytical techniques that have been used to 
investigate the chemical structure and composition of sophorolipids (from 
Croda Biotechnology) and the esterified sophorolipids derivatives 
 
2.3.1 NMR analysis of sophorolipids 
 
       The chemical structures of sophorolipids were characterised using 1D- 
and 2D-NMR spectroscopy. All NMR spectra for sophorolipids and their 
derivatives were run on either a Bruker Avance DPX400, 400.13 MHz 
unshielded magnet or a Bruker Avance DPX500, 500.13 MHz with an 11.7 
Tesla Ultra Shield TM magnet. All spectra were acquired at either room 
temperature or at 70 °C. NMR samples (10 or 20 mg) were prepared in 
deuterated chloroform CDCl3 (600 µl), and DMSO-d6 (600 µl), or using 
deuterium oxide D2O (600 µl) solvent. Bruker TopSpin version 3.1 was used 
for acquiring and structural analysis of NMR spectra. A specific set of 2D-
experiments were also carried out, which showed the environment in which 
each carbon & hydrogen is positioned, and the possible structure of 
sophorolipids was determined. These experiments are:  
 
2D-COSY   Two-dimensional correlated spectroscopy, which shows the 
correlation between neighbouring protons. 
2D-HSQC Two-dimensional heteronuclear single quantum coherence, 
which shows the correlation between protons and carbons. 
2D-HMBC 
Two-dimensional heteronuclear multiple bond correlation, 
which shows long range coupling between protons and 
carbons. 
13C-DEPT 135  
Distortionless Enhancement by Polarization Transfer. Displays 
negative signals for CH2 groups, while CH- and -CH3 groups 
have positive signals. 
TOCSY Total Correlated Spectroscopy 
HSQC-TOCSY Heteronuclear Single Quantum Coherence-Total Correlation 
Spectroscopy 
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2.3.2 FTIR analysis of sophorolipids 
 
        FTIR Spectra for sophorolipids were recorded using a Nicolet 380, FT-IR 
spectrometer (Thermo Electron Corporation, UK) in the range of 400-4000 cm-
1. A small amount of sophorolipid (2-5 mg) was placed on the Attenuated Total 
Reflection (ATR) plate of the FT-IR spectrometer. Spectrometer background 
scans (background correction) were carried out before each replicate 
analysis. Isopropanol was used to clean the ATR plate before each 
measurement. 
2.3.3 HPLC-MS analysis of sophorolipids 
 
        Electrospray ionization technique was used with HPLC for the analysis of 
sophorolipids and their derivatives. The LC-MS analysis and chromatographic 
conditions employed for the sophorolipid analysis are listed as follows: 
  
LC Solvent Composition 
Channel Ch.1 Solvent Eluent additive Ch.2 Solvent 
Solvent 
ratio % 
A 100% Water 0.1% TFA or 0.1% 
FA, pH 3 
100% Water 20% or 40% 
B 100% 
Acetonitrile 
Methanol 100% 
Acetonitrile 
80% or 60% 
Chromatographic conditions for sophorolipids mass detection 
Instrument Agilent 6210 TOF MS 
Mass Spectrometry LC-MS 
Flow Rate 0.8 ml.min-1 
Binary Pump Model G4220 A 
Injection Volume 1.0 μl 
Column ACE 3 C18-Ar (150 mm X 4.6 mm) 
Mass component name LC-MS 
Ionisation ESI (+ve) 
Detector DAD 
Column Oven Temperature 40 °C 
LC run time 10 mins 
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2.4 Structural characterisation of sophorolipid samples: crude 
sophorolipid fermentation product (1), lactone form (2) and acid form (3)  
 
       The chemical structure of the crude, lactone and acid sophorolipids 
provided by Croda Biotechnology were fully characterised and elucidated 
using a number of different analytical techniques; FT-IR,18,37 1H-, 13C-NMR 
and mass spectrometry. 140,141 
2.4.1 The analytical data of crude sophorolipid product (1) 
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FT-IR: (cm-1) 3390, 2923, 2854,1742,1651,1435, 1239, 1170 and 1035. 
 
1H-NMR: (D2O, 500 MHz, ppm) δ 1.22 (3 H, d, J = 7.3 Hz, H-18), 1.28 -1.34 (14 H, 
brs, H-4-7 and 12-14), 1.58 (2 H, m, H-15), 1.61 (4 H, m, H-3 and H-16), 2.01 (4 H, 
m, H-8 and H-11), 2.07 (3 H, s, lactone form -OCOCH3) , 2.10 (3 H, s, lactone form -
OCOCH3), 2.18 (3 H, s, acid form-O-COCH3), 2.24 (2 H, t, J = 7.16 Hz, H-2-acid 
form), 2.30 (2 H, t, J = 6.0 Hz, H-2-lactone form ), 3.26 - 3.85 (7 H, m, H-3″, H-3′, H-
5′, H-5″, H-2′, H-2″ and H-4′), 4.06-4.10 (1 H, m, H-17), 4.24 (2 H, m, H-6′ ), 4.40 (2 
H, d,  J = 7.5, H-6″ ), 4.53 (1 H, d, J = 7.5 Hz, H-1″), 4.61 (1 H, J = 7.5 Hz, H-1′), 4.67 
(1 H, t , J = 9.5, lactone form-H-4″) and 5.42-5.28 (2 H, m, H-9 and H-10). 
 
13C-NMR: (D2O, 500 MHz, ppm ) δ 20.70 & 20.95 (C-18-lipid chains for acid and 
lactone form), 24.73 (C-3), 25.42 (C-15), 26.82 (C-8), 27.14 (C-11), 28.20, 28.41, 
28.96, 29.75, 30.14, 30.21, 33.95 (C-4-7 & C-12-14), 34.31 (C-16), 37.50 (C-2), 
62.12 (C-6′), 63.83 (C-6″), 69.74 (C-4′), 70.18 (C-4″), 72.34 (C-2″), 73.06 (C-5′), 
73.45 (C-5″), 75.09 (C-3″), 75.55 (C-3′), 79.16 (C-17), 82.64 (C-2′), 102.25 (C-1″), 
103.98 (C-1′), 129.72 and 129.99 (C-9 & C-10), 170.63 and 171.69 (2 x OCOCH3), 
173.3 (COOR, lactone).   
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2.4.2 The analytical data of the lactone sophorolipid 17-L-([2′-O-β-D-
glucopyranosyl-1-β-D-glucopyranosyl]-oxy)-9-octadecenoic acid 1, 4″-
lactone 6′, 6″-diacetate, SL-lactone (2)  
                                   
 
FT-IR: (cm-1) 3369, 2925, 2854, 1744, 1741, 1651, 1234, 1170, and 1035.  
 
1H-NMR: (CDCl3, 500 MHz, ppm) δ 1.25 (3 H, d, J = 4.3 Hz, H-18), 1.25-1.41 (14 H, 
brs, H-4-7 and -12-14), 1.59 (2 H, m,  H-15), 1.65 (4H, m, H-3 and H-16), 2.03 - 2.13 
(6H, s, 2 x OCOCH3), 2.30 (4 H, m, H-8 and H-11), 2.45 (2 H, t, J = 6.5 Hz, H-2), 
3.36-3.81 (7 H, m, H-3″, H-3′, H-5′, H-5″, H-2′, H-2″ and H-4′), 4.06-4.15 (1H, M, H-
17), 4.17 (2 H, d, J = 1.8, H-6′ ), 4.26 (2 H, d, J =  1.6, H-6″ ), 4.48 (1 H, d, J = 7.6 Hz, 
H-1″), 4.55 (1 H, J = 8.1 Hz, H-1′), 4.97 (1 H, t, J = 9.5, lactone form-H-4″) and 5.36 
(2 H, m, H-9 and H-10).  
 
13C-NMR: (CDCl3, 500 MHz, ppm) δ 20.78 (C-18), 21.10, 22.20 (2 x OCOCH3), 24.71 
(C-3), 25.28 (C-15), 26.93 (C-8), 27.21 (C-11), 28.13, 28.22, 28.26, 28.99, 29.65, 
29.98, 30.09 (C-4-7, C-12-14), 34.37 (C-16), 37.44 (C-2), 62.20 (C-6′), 63.70 (C-6″), 
69.74 (C-4′), 70.38 (C-4″), 72.62 (C-2″),73.33 (C-5′), 73.95 (C-5″), 75.11 (C-3″), 75.74 
(C-3′), 79.39 (C-17), 81.91 (C-2′), 102.30 (C-1″), 103.85 (C-1′),129.78, 130.01 (C-9, 
C-10), 170.62, 171.71 (2 x OCOCH3), 173.38 (C-1 carbon-lactone carbonyl). 
 
m/z (HPLC-ESI+, ACN:H2O (8:2): [M+Na]
+ for C34H56O14 calculated 688.3690, 
measured 688.3697. 
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2.4.3 The analytical data of the acid sophorolipid 2-L-([2′-O-β-D-
glucopyranosyl-1-β-D-glucopyranosyl]-oxy)-9-octadecenoic acid, SL-
acid (3)  
 
 
 
FT-IR: (cm-1) 3368, 2924, 2853,1643,1643,1556, 1410, and 1263. 
 
1H-NMR: (D2O, 500 MHz, ppm) δ 1.62 (3 H, d, J = 6.3 Hz, H-18), 1.7 (14 H, brs, H-4-
7 and H-12-14), 1.97 (2 H, m, H-15), 2.04 (4H, m, H-3 and-16), 2.32 (3H, s, 
OCOCH3), 2.40 (4 H, dt, H-8 and -11), 2.65 (2 H, t, J = 7.8 Hz, H-2), 3.68 - 3.94 (7 H, 
m, H-3″, H-3′, H-5′, H-5″, H-2′, H-2″ and H-4′), 4.06-4.10 (1H, m, H-17), 4.20 (2 H, d, J 
= 2.6, H-6′ ), 4.26 (2 H, d, J = 2.2, H-6″ ), 4.89 (1 H, d, J = 7.8 Hz, H-1″), 5.09 (1 H, J 
= 7.8 Hz, H-1′), 5.72 (2 H, m, H-9 and -10).  
 
13C-NMR: (D2O, 500 MHz, ppm) δ 20.80 (C-18), 22.20 (OCOCH3), 22.49 (C-3), 25.49 
(C-15), 25.58 (C-8), 27.45 (C-11), 27.55, 27.61, 29.50, 29.54, 29.65, 29.84, 30.05 (C- 
4-7, C-12-14), 35.17 (C-16), 36.66 (C-2), 61.50 (C-6′), 62.07 (C-6″), 70.03 (C-4′), 
70.71 (C-4″), 74.70 (C-2″), 76.19 (C-5′), 76.42 (C-5″), 76.81 (C-3″), 76.86 (C-3′), 
77.80 (C-17), 81.23 (C-2′), 101.22 (C-1″), 103.43 (C-1′), 130.16, 130.34 (C-9, C-10), 
179.34 (carboxylate ion, COO-K+).  
 
m/z ((HPLC-ESI+, ACN:H2O (8:2): [M+Na]
+ for C30H54O13 calculated 623.3448, 
measured 623.3459. 
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2.5 Synthesis of ester sophorolipid derivatives (Esterification) 
 
        The lactone sophorolipid (2) was used as the substrate for the production 
of the methyl ester, SL-Me (4) and ethyl ester, SL-Et (5) sophorolipids. 
 
2.5.1 Synthesis of methyl 17-L-([2'-O-β-D-glucopyranosyl-β-D-   
glucopyranosyl]-oxy)-cis-9-octadecenoate, SL-Me (4)  
 
 
         
        To a round-bottomed flask (100 ml) equipped with a reflux condenser 
were added lactone sophorolipid (2) (5.0 g) (dried over P2O5 for 24 h) and 
sodium methoxide (0.022 N) in methanol solution (10.0 ml). The reaction 
mixture was protected from atmospheric moisture by a calcium chloride guard 
tube. The reaction mixture was refluxed for 3 h at 75 ºC then cooled down to 
room temperature and acidified using glacial acetic acid to pH 5.5. The 
reaction mixture was concentrated by rotary evaporation under vacuum and 
was poured with stirring into ice-cold H2O (35.0 ml) resulting in the 
precipitation of the sophorolipid methyl ester as a white solid. This was filtered 
washed with ice-water and dried (3.78 g, yield 75.5%).91,93,142 
 
 
M.P.: 130 -133 ºC. (No literature M.P., has been reported) 
FT-IR: (cm-1) 3323, 2923, 2951,1740,1591,1156, 1066 and 1027.  
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1H-NMR: (CD3OD, 500 MHz, ppm) δ 1.27 (3H, d, J = 6.0 Hz, H-18), 1.34 (14 H, brs, 
H-4-7 and 12-14), 1.48 (2 H, m, H-15), 1.62 (4H, m, H-3 and H-16), 2.06 (4 H, m, H-8 
and -11), 2.34 (2 H, t, J =7.5 Hz, H-2), 3.23 - 3.38 (4 H, m, H-2′′,-4′′,-4′, and -5′), 3.40 
(1 H, t, J = 8.4 Hz, H-3′′), 3.47 (1H, t, J = 8.8 Hz, H-2′), 3.58 (1H, t, J = 8.85 Hz, H-3′), 
3.65 - 3.73 (3 H, m, H-6′a, -6′′a, and H-5′′), 3.68 (3 H, s, OCH3), 3.80 -3.90 (3- H, m, 
H-6′b, -6′′b, and H-17), 4.47 (1 H, d, J = 7.6 Hz, H-1′), 4.66 (1 H, J = 7.8 Hz, H-1′′) 
and 5.38 (2 H, m, H-9 and -10). 
 
13C-NMR: (CD3OD, 500 MHz, ppm) δ 20.51 (C-18), 24.71 (C-3), 25.00 (C-15), 26.71 
(C-8), 26.76 (C-11), 28.75, 28.76, 28.86, 29.02, 29.46, 29.44, 29.53 (C-4-7 & C-12-
14), 33.43 (C-16), 36.43 (C-2), 50.59 (-O-CH3), 61.75 (C-6′), 61.41 (C-6″), 70.11 (C-
4′), 70.42 (C-4″), 74.52 (C-2″), 76.37 (C-5′), 76.40 (C-5″), 76.88 (C-3″), 76.97 (C-3′), 
77.50 (C-17), 80.54 (C-2′), 101.43 (C-1″), 103.33 (C-1′), 129.42, 129.52 (C-9, C-10), 
175.04 (OCOCH3).
 
m/z (HPLC-ESI+, ACN:H2O (8:2): [M+Na]
+ for C31H56O13 calculated 636.3748, 
measured 636.3753. 
  
2.5.2 Synthesis of ethyl 17-L-([2'-O-β-D-glucopyranosyl-β-D-
glucopyranosyl]-oxy)-cis-9-octadecenoate, SL-Et (5)  
 
 
 
       The same procedure as mentioned in (section 2.5.1) for the production of 
the sophorolipid methyl ester was used to prepare the sophorolipid ethyl ester 
(SL-Et). Lactone sophorolipid (5.0 g) (dried over P2O5 for 24 h) was dissolved 
in sodium ethoxide (0.021 N) (10.0 ml) in ethanol solution and refluxed for 3 h 
at 75 ºC using a constant temperature oil bath.  
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      The identical work-up as for the analogue methyl ester (SL-Me) gave total 
weight (4.11 g, yield 82 %) of sophorolipid ethyl ester as a white solid. 91 
 
M.P.: 138 -141 ºC. (No literature M.P., has been reported) 
FT-IR: (cm-1) 3324, 2924, 2853,1738,1574,1156, 1067 and 1028. 
 
1H-NMR: (DMSO- d6, 400 MHz, ppm) δ 1.13 (3H, t, J = 6.1 Hz, OCH2CH3), 1.17 (3 H, 
d, J = 7.1 Hz, H-18), 1.25 (14H, brs, H-4-7 and -12-14), 1.29 (2 H, m, H-15), 1.51 (4 
H, m, H-3 and H-16), 2.00 (4 H, m, H-8 and -11), 2.28 (2 H, t, J = 7.4 Hz, H-2), 2.99 - 
3.65 (13 H, m, H-sug. and -17), 4.05 (2 H, q, J = 7.1 Hz, OCH2CH3), 4.31 (1 H, d, J = 
7.7 Hz, H-1ʹ), 4.398 (1 H, d, J= 7.7 Hz, H-1″) and 5.33 (2 H, m, H-9 and -10).  
 
13C-NMR (DMSO-d6, 400 MHz, ppm) δ 21.60 (C-18), 21.78 (-O-CH2CH3), 22.60 (C-
3), 24.46 (C-15), 27.04 (C-8), 27.11 (C-11), 28.88, 28.90, 29.00, 29.23, 29.40, 29.53, 
29.67 (C- 4-7, C-12-14), 34.11(C-16), 36.63 (C-2), 59.78 (-O-CH2CH3), 60.35 (C-6′), 
61.51 (C-6″), 69.98 (C-4′), 70.33 (C-4″), 75.48 (C-2″), 76.39 (C-5′), 76.50 (C-5″), 
76.65 (C-3″), 76.92 (C-3′), 77.45 (C-17), 82.53 (C-2′), 101.62 (C-1″), 104.50 (C-1′), 
130.02, 130.15 (C-9, C-10) 173.20 (C-1). 
 
m/z (HPLC-ESI+, ACN:H2O (8:2): [M+Na]
+ for C32H58O13 calculated 650.3898, 
measured 650.3906. 
 
 
2.6 Lipase-catalysed regioselective acylations 
 
      The methyl ester, (4) was used as the substrate for the production of 1′,6″-
sophorolactone, 1′,6"-sophorolactone-6'-acetate and the methyl ester-6′,6″-
sophorose dibutyrate) using the lipase Novozyme 435 from C. antarctica.  
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2.6.1 Novozyme 435 catalyzed synthesis of 17-L-([2'-O-β-D- 
glucopyranosyl-β-D-glucopyranosyl]-oxy)-cis-9-octadecenoic acid-1′,6"-
lactone (6) 
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        To an oven dried round-bottomed flask (100 ml) were transferred (SL-
Me, 4) (1.0 g), Novozyme 435, (2.0 g), molecular sieve 4 Å (2.0 g) and THF 
(35.0 ml). The round-bottomed flask was immediately stoppered and the 
reaction assembly was protected from the atmosphere using N2 gas and 
placed in a constant temperature oil bath and maintained at 35 ºC for 5 days 
and the contents of the flask were stirred magnetically. After 5 days, the 
reaction mixture was centrifuged at 4000 rpm for 10 min to remove the 
Novozyme and molecular sieves. The supernatant containing the desired 
product was rotary-evaporated under vacuum to remove the solvent (THF). 
The resulting pale green coloured solid was recrystallised from chloroform / 
methanol (4:2) and dried for 5 h to give (0.74 g, yield 72 %) of sophorolipid-1', 
6"-lactone. 93 
 
M.P.: 92 - 94 ºC. (No literature M.P., has been reported) 
FT-IR: (cm-1) 3348, 2931, 2858, 1728, 1455, 1375, 1169, 1069. 
1H-NMR: (DMSO-d6, 400 MHz, ppm) δ 1.12 (3 H, d, J = 6.0 Hz, H-18), 1.30 (14 H, 
brs, H-4-7 and -12-14), 1.51 (2 H, m, H-15), 1.62 (4 H, m, H-3 and H-16), 2.01 (4H, t, 
J = 6.6 Hz, H-8 and -11), 2.43 (2 H, t, J = 8.2 Hz, H-2), 3.10 - 3.40 (4H, m, H-2″,- 4″,- 
2″, and -5′), 3.65 (2 H, m, H-3′ and -5″), 3.70  (2 H, m, H-3″ and -4′), 3.73 (1H, m, H-6′ 
a), 3.80 (2 H, m, H-6′ b and H-17), 3.80 (1 H, m, H-6″a), 3.84 (1 H, m, H-6″ b), 4.02 (1 
H, d, J = 4.4 Hz, H-1′), 4.05 (1 H, d, J = 4.3 Hz, H-1″) and 5.34 (2 H, m, H-9 and -10).  
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13C-NMR (DMSO-d6, 400 MHz, ppm) δ 21.68 (C-18), 22.60 (C-3), 24.46 (C-15), 
27.04 (C-8), 27.11 (C-11), 28.88, 28.90, 29.00, 29.23, 29.40, 29.53, 29.67 (C-4-7, C-
12-14), 34.11(C-16), 36.63 (C-2), 59.78 (-O-CH2CH3), 61.39 (C-6′), 63.85 (C-6″), 69. 
84 (C-4′), 70.27 (C-4″), 75.48 (C-2″), 75.47 (C-5′), 76.50 (C-5″), 76.30 (C-3″), 
76.77(C-3′), 76.98 (C-17), 84.53 (C-2′), 100.72 (C-1″), 105.65 (C-1′), 129.95, 130.54 
(C-9, C-10) 173.60 (C-1). 
 
m/z (HPLC-ESI+, ACN:H2O (8:2): [M+Na]
+ for C30H52O12 calculated 604.3462, 
measured 604.3475. 
 
2.6.2 Novozyme 435 catalysed synthesis of 17-L-([2'-O-β-D-
glucopyranosyl-β-D-glucopyranosyl]-oxy)-cis-9-octadecenoic acid-1′,6"- 
lactone-6′-acetate (7) 
 
 
        To an oven dried round-bottomed flask (100 ml) were added (1',6"-
sophorolactone, 6) (0.40 g), immobilized Novozyme 435 (0.80 g), molecular 
sieve 4 Å (2 g) and THF (30.0 ml). The round-bottomed flask was immediately 
stoppered. Vinyl acetate (1.50 ml) was added and the reaction assembly was 
protected from the atmosphere using N2 gas and the round bottomed flask 
was covered with aluminium foil to seclude it from light then was placed in a 
constant temperature oil bath maintained at 35 ºC for 96 h and the contents 
were stirred magnetically. After 96 h, the reaction mixture was centrifuged at 
4000 rpm for 10 min to remove the Novozyme and molecular sieve. The 
supernatant containing the desired product was rotary-evaporated at reduced 
pressure to remove the solvent (THF).  
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       The resulted yellowish solid was recrystallised from chloroform / methanol 
(4:2) and dried for 5 h to give (0.36 g, yield 70 %) of sophorolipid-1',6"- 
lactone-6'-acetate (7). 142 
 
M.P.: 126 -128 ºC. (No literature M.P. has been reported) 
FT-IR: (cm-1) 3468, 2980, 2933, 2860, 1731, 1698, 1455, 1367, 1238, 1067.  
 
1H-NMR: (DMSO-d6, 400 MHz, ppm) δ 1.12 (3 H, d, J = 6.1 Hz, H-18), 1.30 (14 H, 
brs, H-4-7 and -12-14), 1.42 (2 H, m, H-15), 1.52 (4 H, m  H-3 and H-16), 2.01 (4 H, t, 
J = 6.6 Hz, H-8 and -11), 2.09 (3 H, s, COCH3)  2.30 (2 H, t, J = 7.2 Hz, H-2), 3.02 - 
3.40 (4 H, m, H-2″,- 4″,- 2″, and - 5′), 3.63 (2 H, m, H-3′ and -5″), 4.03 (2 H, m, H-3″ 
and-4′), 4.10 (1 H, m, H-6′ a), 4.20 (2 H, m, H-6′ b and H-17), 4.28 (1 H, m, H-6″), 
4.36 (1 H, d, J = 4.2 Hz, H-1′), 4.43 (1 H, d, J = 4.2 Hz, H-1″) and  5.32 (2 H, m, H-9 
and -10).  
13C-NMR (DMSO-d6, 400 MHz, ppm) δ 21.10 & 21.50 (double, C-18), 24.50 (C-3), 
25.26 (C-15), 26.05 (C-8), 27.16 (C-11), 27.65, 28.03, 28.44, 29.40, 29.47, 29.72, 
29.80 (C-4-7, and C-12-14), 31.15 (OCOCH3), 33.79 (C-16), 36.63 (C-2), 61.39 (C-
6′), 63.85 (C-6″), 69.88 (C-4′), 70.26, (C-4″), 73.60 (C-2″), 74.36 (C-5′), 75.562 (C-5″), 
76.10 (C-3″), 76.3 (C-3′), 76.48 (C-17), 84.17 (C-2′), 100.72 (C-1″), 105.65 (C-1′), 
129.96, 130.54 (C-9, C-10), 170.72 (OCOCH3), 173.32 (Lactone-OCOR). 
m/z (HPLC-ESI+, ACN:H2O (8:2): [M+Na]
+ for C32H54O13 calculated 646.34780, 
measured 646.3480. 
 
2.6.3 Novozyme 435 catalyzed synthesis of 17-L-([2'-O-β-D-
glucopyranosyl-β-D-glucopyranosyl]-oxy)-cis-9-octadecenoic acid 6′,6″-
dibutyrate (8) 
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        To an oven dried round-bottomed flask (100 ml) were transferred (SL-
Me, 4) (0.710 g), immobilized Novozyme 435 (0.80 g), molecular sieve 4 Å 
(2.0 g) and THF (30.0 ml).  
       The round-bottomed flask was immediately stoppered. Excess of vinyl 
butyrate (1.0 ml) was added and the reaction assembly was protected from 
the atmosphere using N2 gas then placed in a constant temperature oil bath 
and maintained at 35 ºC for 96 h and the contents were stirred magnetically. 
After 96 h, the reaction mixture was centrifuged at 4000 rpm for 10 min to 
remove both the solid supported Novozyme and the molecular sieves. The 
supernatant containing the desired product was rotary-evaporated to remove 
the solvent (THF). The resulting yellowish oily product was washed with 
hexane (2 x 10.0 ml) to give (0.53 g, yield 72 %) of the product (8). 
 
 
FT-IR: (cm-1) 3346, 2928, 2853, 1736, 1722, 1651, 1556, 1455, 1255, 1047, 1022. 
1H-NMR: (CDCl3, 500 MHz, ppm) δ 0.93 - 0.99 (6 H, m, 2 x butyrate H-4), 1.22 (3 H, 
d, J = 6.1Hz, H-18), 1.31 (14 H, brs, H-4-7 and -12-14), 1.43 (2 H, m, H-15), 1.57-
1.62 (4H, m, H-3 and -16), 1.63 - 1.72 (4 H, m, 2 x butyrate H-3), 1.86 (2 H, m, 2 x 
butyrate  H-2), 2.06 (4 H, dt, J = 6.0 Hz, H-8 and -11), 2.32 (2 H, t, J = 7.7 Hz, H-2), 
3.33-3.51 (4 H, m, H-2″,- 4″,- 2″, and -5′), 3.55 - 3.63 (2 H, m, H-3′ and -5″), 3.66 (3H, 
s, -O-CH3),  3.70-3.79 (2 H, m, H-3″ and H-4′), 4.27 (1H, m, H-6′ a), 4.33 (1 H, m, H-
6″), 4.38 (2 H, m, H-6′ b and -17), 4.44 (1 H, d, J = 7.5 Hz, H-1′), 4.51(1 H, d, J = 8.0 
Hz, H-1″) and  5.33 (2 H, m, H-9 and -10).  
 
13C-NMR: (CDCl3, 500 MHz, ppm) δ 13.53, 13.57 (2 x butyrate-CH3) 20.06 (C-18), 
25.23 (C-3), 25.49 (C-15), 27.08 (C-8), 27.13 (C-11), 28.99, 29.01, 29.06, 29.25, 
29.57, 29.66, 29.70 (C-4-7 & C-12-14), 33.99 (C-16), 35.86, 35.98 (2 x 
OCOCH2CH2CH3) 36.20 (C-2), 51.47 (-O-CH3), 63.703 (C-6′), 63.29 (C-6″), 67.83 (2 
X OCOCH2CH2CH3), 69.71 (C-4′), 70.41 (C-4″), 73.18 (C-2″), 73.36 (C-5′), 74.64  (C-
5″), 75.59 (C-3″), 75.93 (C-3′), 77.16 (C-17), 81.10 (C-2′), 100.40 (C-1″), 103.30 (C-
1′), 129.68, 129.76 (C-9 and C10), 175.04 (OCOCH3), 174.03, 174.31 (2 x 
OCOCH2CH2CH3). 
 
m/z (HPLC-ESI+, ACN:H2O (8:2), FA (0.1%): [M+Na]
+ for C39H68O15 calculated 
776.4592, measured 776.4618. 
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2.7 Monomer analysis using HPAEC-PAD and GC-MS 
 
       This section is concerned with the analysis of the monosaccharide 
compositions of sophorolipids by chromatographic techniques (HPAEC-PAD 
and GC-MS). The direct analysis of the monosaccharides released by acid 
catalysed hydrolysis of the sophorolipids, using trifluoroacetic acid (TFA), was 
performed using HPAEC-PAD. Monomer analysis via derivatisation to their 
alditol acetates involved three chemical steps, namely; acid hydrolysis, 
reduction and acetylation and GC-MS analysis. 143 
 
2.7.1 Acid hydrolysis reaction of sophorolipids 
 
        An amount of sophorolipid (3.0 mg) was added to a pressure tube 
containing TFA (2.0 ml of 2 M); the tube was heated to 120 ºC for 2 h.  
        After the 2 h period had elapsed, the sample solution was cooled to room 
temperature and the cap of the pressure tube was removed. The solution was 
evaporated to dryness under a constant stream of nitrogen gas at 60 ºC to 
give monomers that can be analysing by HPAEC. Ultra-pure water (3.0 ml) 
was then added to the dry residue in order to give a sample concentration of 
1000 ppm. Half of this volume (1.5 ml) was used for HPAEC-PAD analysis 
after a further dilution to suit the concentration required for the monomer 
analysis by HPAEC, whereas the other (1.5 ml) was used in the next 
reduction step. 
2.7.2 Reduction 
        
         In this step, the hydrolysed monomer sample (1.5 ml) was treated with 
sodium borohydride (40.0 mg), in order to reduce the sugar monomers; the 
tube was sealed and heated at 40 °C for 2 h. After 2 h the solution was 
evaporated to dryness as previously detailed. Glacial acetic acid (1.0 ml) was 
then added to destroy any excess borohydride present; the solution was then 
evaporated under a stream of nitrogen. Methanol (3 x 1.0 ml) was added and 
repeatedly evaporated to remove the borate complex and give the sugar 
alditols. 
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2.7.3 Acetylation 
  
         For the acetylation, pyridine (2.0 ml) and acetic anhydride (2.0 ml) were 
then added to the dry residue (sugar alditols) in the pressure tube; the sample 
was heated at 100 °C for 2 h. After 2 h the resulting solution was evaporated 
to dryness. The dried acetylated monomers (alditol acetates) were suspended 
in deionised water (5.0 ml) and extracted with chloroform (3 x 5.0 ml); the total 
organic layer was then washed with deionised water (5.0 ml). The solution 
was then dried over anhydrous sodium sulphate for 30 mins before being 
filtered and the resulting solution evaporated as previously described. The 
dried residue was reconstituted by dissolution in acetone (2.0 ml) in 
preparation for GC-MS analysis. 
 
2.8 High-Performance Anion Exchange Chromatography-Pulsed           
Amperometric Detection (HPAC-PAD)  
 
         The prepared solutions, which were obtained after the hydrolysis 
reactions, were transferred into small glass vials for preparation for HPAEC-
PAD analysis. The HPAEC instrument used was a Dionex ICS-3000 Ion 
Chromatography System (Dionex Corporation, CA, USA), which consists of 
Dionex AS (Autosampler), Dionex ICS 3000 DP-Dual Pump System, Dionex 
ICS-3000, (EG-Eluent Generator, RFIC-Reagent-Free Ion Chromatography). 
The Chromeleon® Xpress software was used for the processing of the data. 
         The monosaccharide and disaccharide standards used as controls were 
prepared to the specific concentrations in ultra-pure water (UPW) and were 
run as triplicate using the chromatographic conditions listed below: 
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Chromatographic Conditions 
Instrument Dionex ICS-3000 Ion Chromatography System (Dionex     
Corp. CA, USA) 
Pump Dionex ICS-3000 DP-Dual Pump System 
Column CarboPac PA 20 analytical column, 3 x 150 mm, 6.0µm 
particle size 
Flow Rate 0.30 ml. min-1 
Mobile Phase 10 mM NaOH 
Injection 
Volume 
25.0 μL 
Temperature                      30 ºC 
Detector PAD 
Run Time                 25 mins 
 
 
2.9 Gas Chromatography-Mass Spectrometry GC-MS  
 
         GC-MS analysis was performed on an Agilent 7890A GC system, 
coupled with an Agilent 7683B Injector and Agilent 5975B Inert XL EI/Cl MSD 
(Agilent Technologies UK Ltd. Cheshire, UK). Samples were eluted from an 
Agilent HP5-MS (30 m x 250 μm-id, 0.25 μm) column (Agilent Technologies 
UK Ltd.) eluting with helium (1 ml/min). 
 
 
         The chromatographic conditions for the monomer analysis of the 
components derived from sophorolipids by GC-MS are listed below and 
samples were run in triplicates. 
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Chromatographic Conditions 
Instrument 
Agilent 7890A GC system (Agilent Technologies, 
Edinburgh, UK) 
Column Agilent 19091S-433, 30 m x 250 µM x 0.25 µM 
Carrier Gas                 Helium 
Mass 
Spectrometer 
Agilent 5975B Inert XL EI/CI MSD 
Mode         Split (split ratio of 10:1) 
Injection Volume                  0.25 μL 
Ionisation          Electron Impact (EI) 
Flow Rate               1.0 ml/min 
Monosaccharide  
method program 
       180 °C for 1 min, 1 °C/min to 220 °C, hold 5 min 
Oven Temperature 220 °C 
Pressure                14.992 psi 
Run Time                  46 mins 
 
 
 
2.9.1 Linkage analysis (Methylated Alditol Acetate Method) 
 
        This section is concerned with the conversion of sophorolipids 
compounds into per-O-methylated alditol acetates (PMAAs), followed by 
analysis by GC-MS. The linkage analysis is very similar to the monomer 
characterisation method but employs an initial methylation step first to 
generate the methylated sugars: 
        An amount of sophorolipid sample (3 mg) was added to a pressure tube 
containing anhydrous dimethyl sulfoxide (DMSO) (0.7 ml) and was stirred at 
room temperature until the formation of the slurry was observed. Dried and 
crushed NaOH (50 mg) was added with stirring along with methyl iodide (60 
μl).  
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       After 25 mins the resulting solution was suspended in UPW (1.0 ml) and 
extracted with dichloromethane (1.0 ml), the organic layer was then washed 
with UPW (3 x 5.0 ml). The resulting liquid was then evaporated to dryness 
under a stream of nitrogen gas at 40 °C. To give the methylated disaccharide 
as a solid, this was used directly in the next step. 
       The dried residue (methylated disaccharide) was then subjected to the 
same procedure as previously described for GC-MS monomer analysis 
(Sections 2.7.1, 2.7.2 & 2.7.3) the only difference to the method being the 
substitution of sodium borohydride with sodium borodeuteride in the reduction 
reaction (section 2.7.2). Samples were run in triplicates. 
 
2.9.2 GC-MS analysis of PMAAs 
 
         GC-MS analysis and chromatographic conditions for analysis of the 
prepared PMAAs for sophorose and disaccharide samples are listed as 
follows: 
Chromatographic Conditions 
Instrument 
Agilent 7890A GC system (Agilent Technologies, 
Edinburgh, UK) 
Column Agilent 19091S-433, 30 m x 250 µM x 0.25 µM 
Carrier Gas Helium 
Mode Split (split ratio of 10:1) 
Injection Volume 0.25 μL 
Flow Rate 1.0 ml/ min 
Sophorose 
Method Program 
150 °C for 1 min, 5 °C/min to 300 °C 
Oven Temperature 220 °C  
Pressure                                        14.992 psi 
Run Time 44 mins 
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2.10 Extraction of isomaltose and sophorose from the lactone waste  
 
          Lactone waste (100 ml, 98 g, and pH 1.57) was suspended in ultra-pure 
water (200 ml) and left to stir at 35-40 °C for 1h. The resulting brown 
suspension was centrifuged (4200 rpm for 10 mins) and the supernatant was 
collected. After completion of the separation process, the aqueous phase was 
rotary evaporated at a temperature of 45 °C to give a crude mixture of salts 
and sugars as brown syrup (5.50 g). The resulting brown syrup was stored at -
18 °C before being used directly in the next step. 
 
2.10.1 Isolation and separation of glucose, isomaltose and sophorose 
using a carbon: celite 535 column  
 
         The isolated crude sugar mixture was subjected to a carbon: celite 
column chromatography as follows: 
2.10.1.1 Preparation of a carbon: celite column 
 
         The adsorbent dry charcoal (Darco G-60, 200 g, 100 mesh and Celite 
535, 200 g) was mixed carefully and slurried in UPW (1 L). After thorough 
mixing, the mixture was allowed to settle for 1h and fine carbon particles were 
removed by decantation. A layer of sand (1-2 cm) deep was added to a fritted 
glass chromatography column (5 cm x 50 cm). The carbon: celite slurry was 
suspended in UPW and carefully poured into the column and the UPW (1 L) 
eluted through the column under gravity to pack the bed thoroughly. After 
packing the column, another layer of sand (2 cm) was added on the top 
surface of the column. The salt and sugar mix (5.50 g) was dissolved in UPW 
(3.0 ml) and the sample sonicated for 5 min before being applied to the top of 
the column. Elution of sugars was carried out with an increasing concentration 
of aqueous ethanol (from 0 to 20 % in UPW in 5 % incremental steps of 2 L). 
Sample fractions (45.0 ml) were collected and subjected to analysis.  
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         HPAEC-PAD analysis of the different fractions identified salt plus 
glucose in the fractions eluting with 5 % ethanol (4 g) isomaltose (9) in the 
fractions eluting with 10 % ethanol (0.5 g) and sophorose (10) from the 
fractions eluting with 20 % ethanol (1 g). 
 
2.11 Isolation of 2-O-β-D-glucopyranosyl-α/β-D-mannose (11) 
 
        Sophorose (50 mg) was treated with aqueous sodium hydroxide (100 
mM, 20 ml at pH 13) in a pressure tube and was held at 60 ºC for 24 h. The 
progress of the reaction was monitored using HPAEC; small samples (1.0 ml) 
were removed every 3 h and the pH of the sample was adjusted to 6 using 
glacial acetic acid. Samples were then transferred to small glass vials and 
injected into the HPAEC using sodium hydroxide (50 mM) as the mobile 
phase.  
       HPEAC analysis suggested that the reaction had reached equilibrium 
after 24 h at which time the remaining solution was neutralised with glacial 
acetic acid and the solvent removed under vacuum to give a crude mixture of 
sugars and sodium acetate as a yellow solid. The sample was re-dissolved in 
ultrapure water (1.0 ml) and was applied to the top of a carbon: celite column 
(2.5 x 20 cm). Elution of sugars was carried out with an increasing 
concentration of aqueous ethanol (from 0 to 20% ethanol in UPW in 5 % 
incremental steps each of 200.0 ml). The desired product eluted with 20 % 
aqueous ethanol and the combined fractions were rotary evaporated to give a 
pure sample of 2-O-β-D-glucopyranosyl-α/β-D-mannopyranose (11) as a white 
solid (10 mg, 40 % overall yield based on the volume of solution remaining at 
the end of the reaction). The identity and anomeric purity of the product were 
determined by 1D- and 2D-NMR. 
          
2.12 Monitoring the base catalysed hydrolysis of sophorolipids 
 
       Acid sophorolipid (200 mg, 0.322 mM) was dissolved in aqueous sodium 
hydroxide (10 mM, 20 ml at pH 12) in a pressure tube at a temperature of 50 
°C for around 270 min.  
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       Samples (1.0 ml) were taken at 30 min intervals and the pH of the 
samples was adjusted to pH 6 using glacial acetic acid. Samples were then 
transferred into small glass vials and injected into the HPAEC.  
 
2.13 Monitoring the stability of sophorose in aqueous alkaline solution 
 
       Sophorose (5 mg, 0.015 mM) was treated with aq. sodium hydroxide (100 
mM, 20 ml at pH 13) in a pressure tube at room temperature for 32 h. 
Samples (1.0 ml) were taken out every 1 h and the pH of the sample was 
adjusted to 6 using glacial acetic acid. Samples were then transferred into 
small glass vials and injected into the HPAEC using sodium hydroxide (50 
mM) as the mobile phase.  
 
       The same experiment was carried out on sophorose (8 mg), but in an 
alkaline solution of NaOD (100 mM, 600 µl in D2O) at room temperature. The 
progress of the reaction was followed by running 1H-NMR spectra after 1, 12 
& 24 h. A sophorose standard was used as a control for the reaction. 
 
2.14 Hydrolysis of sophorolipids by spent fermentation broth 
 
        A sample of a fermentation broth (250 ml, pH 3.5) recovered at the end 
of the fermentation process was supplied by Croda Biotechnology and was 
stored in a cold-room for 24 h before being used to test for the presence of 
enzyme activity that may hydrolyse sophorolipids. In separate experiments, 
both lactone and acid sophorolipids (0.5 g) were added to a 250 ml clean and 
autoclaved conical flask containing fermentation broth (50.0 ml, pH 3.5) and a 
third flask without any sophorolipid was used as a control. The newly prepared 
mixtures were kept in a shake–flask incubator. The incubator conditions were 
set as follows: 30 ºC, under agitation at 120 rev/min for 3 days (Stuart Orbital 
Incubator, SI 500). After 24 h intervals, samples (1.0 ml) were taken and 
filtered through (0.45 μl disk filter) and the supernatant was diluted with UPW 
(2.0 ml) then transferred into small vials. The sugar composition of the flasks 
was assayed by HPAEC-PAD. 
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2.15 Monitoring the acid catalysed hydrolysis of sophorolipids 
 
        Acid sophorolipid (500 mg, 0.804 mM) was dissolved in aqueous 
sulphuric acid (2 M, 20.0 ml at pH 0.30) in a round-bottomed flask and 
refluxed at a temperature of 92 ºC for 24 h. Brown oil droplets were observed 
suspended in the reaction mixture. 144 The reaction vessel was allowed to cool 
down to room temperature; the mixture was transferred to a separating funnel 
and was extracted with hexane (2 x 25.0 ml). The hexane layer was reduced 
using a rotary-evaporator and the resulting yellowish oil (300 mg) was 
analysed by NMR. 
 
 
 
 
2.16 Synthesis of sophorose derivatives (glycosylation reaction) 
 
        The sophorose isolated form the lactone waste has been used as the 
sugar substrate for the chemical synthesis of a number of novel sophorolipids 
as follows: 
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2.16.1 Synthesis of 1′, 2′′, 3′, 3′′, 4′, 4″, 6′, 6″-octa-O-acetyl-β-D-sophorose 
(12) 
 
    
       In a dry porcelain mortar, sophorose (0.61 g, 1.75 mM) was ground with 
anhydrous sodium acetate (0.4 g, 4.87 mM) and the powdered mixture was 
placed in a 100 ml round bottomed flask. Acetic anhydride (8.0 ml) was added 
and the mixture was allowed to reflux for 3 h at a temperature of 75 °C. The 
reaction mixture was then poured into ice-cold water 30.0 ml in a beaker and 
allowed to stand with occasional stirring for about 3 h. The resulting white 
crystals were filtered under vacuum and washed with cold water and the 
product recrystallised from methylated spirits (20.0 ml) to give the product (12) 
as a white powder of (0.48 g, yield 85%).145-147 
 
M.P.: 193-194 ºC. (Literature M.P.: 191-192 ºC) 148   
FT-IR: (cm-1) 2957, 2851, 1764, 1373, 1213, 1030. 
1H-NMR: (CDCl3, 400 MHz, ppm) δ 5.68 (1 H, d, J= 7.9 Hz, H-1′), 5.25 (1 H, AK2, J= 
9.6, H-3′), 5.15 (1H, AK2, J = 9.6 Hz, H-3″), 5.06 (1H, AK2, J = 8.4 Hz, H-4′), 5.02 (1H, 
m, H-4″), 4.94 (1 H, AK2, J =  9.2 Hz, H-2″), 4.64 (1 H, d, J = 8.08,  H-1′′ ), 4.37 (1 H, 
m, H-6′a), 4.34 (1H, m, H-6′′a), 4.17 (1H, m , H-5′), 4.10 (1H, d, J = 9.2 Hz, H-6′b), 
4.08 (1 H, m, H6″b), 3.84 (3 H, t, J =  8.8 Hz, H-2′), 3.69 ( 1H, m, H-5″), 2.15, 2.13, 
2.12, 2.11, 2.09, 2.04, 2.02, 2.00, (24 H, 8 s, -OCOCH3).  
13C-NMR: (CDCl3, 400 MHz, ppm) δ 170.58, 170.53, 170.33, 169.827, 169.78, 
169.36, 169.30, 168.74 (8 x C=O), 100.95 (C-1″), 91.73 (C-1′), 77.08 (C-2), 74.47 (C-
3′), 72.83 (C-3′′), 72.45 (C-5′′), 71.83 (C-2′′), 71.03 (C-5′), 68.06 (C-4′′), 67.95 (C-4′), 
61.83 (C-6′′), 61.49 (C-6′), 20.79, 20.72, 20.67, 20.56, 20.56, 20.56, 20.39, 20.32 (8 x 
-OCOCH3).  
m/z (HPLC-ESI+, ACN: H2O (6:4): [M+NH4]
+ for C28H38O19 calculated 678.2007, 
measured 678.2006. 
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2.16.2 Synthesis of 2′′, 3′, 3′′, 4′, 4″, 6′, 6″- hepta-O-acetyl-α-D-sophoryl 
bromide (13) 
 
 
         The β-D-sophorose octaacetate, 12 (0.92 g, 1.34 mM) was added to a 
round-bottomed flask containing HBr in acetic acid (45% w/v, 6.0 ml) at room 
temperature and the mixture was left stirring for 1 h at room temperature. After 
1 h, the reaction mixture was poured into a beaker containing ice-cold water 
(25.0 ml) and left to cool to room temperature before adding dichloromethane 
(20.0 ml) to the flask. The two layers were separated; the organic layer was 
washed with four portions of water (10.0 ml) until the aqueous phase was 
close to neutral pH 6. The organic layer was dried over anhydrous sodium 
sulphate and filtered. The product was obtained by removing the solvent on a 
rotary evaporator at 40 °C to give a crude white solid product (13) of (0.78 g, 
yield 76%). 149-150 
M.P.: 168 -170 ºC. (No literature M.P., has been reported) 
FT-IR: (cm-1) 2961, 2953, 1738, 1366, 1208, 1030 and 557. 
1H-NMR: (CDCl3, 400 MHz, ppm) δ 6.45 (1 H, d, J = 4 Hz, H-1′α), 5.48 (1 H, AK2, J = 
9.6, H-3′), 5.15 (1H, AK2, J = 9.2 Hz, H-3″), 5.11 (1H, AK2, J = 7.0 Hz, H-4′), 5.08 (1 
H, m, H-4″), 4.94 (1 H, t, J =  8.8 Hz, H-2″), 4.70 (1 H, d, J = 7.80,  H-1′′ β), 4.38 (1 H, 
m, H-6′a), 4.34 (1H, m, H-6′′a), 4.25 (1H, m, H-5′), 4.20 (1H, d, J = 4.5 Hz, H-6′b), 
4.17 (1 H, m, H6″b), 4.09 (1H, m, H-2′), 3.81(1H, dd, H-5″), 2.13, 2.10, 2.08, 2.05, 
2.04, 2.02, 2.01 (21 H, 7 s,  -OCOCH3).  
13C-NMR: (CDCl3, 400 MHz, ppm) δ 170.65, 170.47, 170.37, 169.70, 169.47, 169.27, 
169.00, (7 x C=O), 100.93 (C-1″), 88.77 (C-1′), 77.08 (C-2′), 72.53 (C-3′), 72.09 (C-
3′′), 72.45 (C-5′′), 71.90 (C-2′′), 70.99 (C-5′), 68.09 (C-4′′), 67.10 (C-4′), 61.12 (C-6′′), 
61.08 (C-6′), 20.76, 20.75, 20.69, 20.60, 20.58, 20.58, 20.33 (7 X -OCOCH3).  
m/z (HPLC-ESI+, ACN:H2O (6:4): [M+Na]
+ for C26H35O17Br calculated 698.1058, 
measured 698.1045.  
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2.16.3 Synthesis of oleyl 2ʺ, 3′, 3ʺ, 4′, 4ʺ, 6′, 6ʺ-hepta-O-acetyl-β-D-
sophoroside (14) 
 
  
       In a dry round bottom flask (100 ml), the product 13 (0.90 g, 1.28 mM) 
was added along with oleyl alcohol (0.41 ml, 1.28 mM). Dichloromethane 
(30.0 ml) was used as the solvent and silver oxide (200 mg) along with of pre-
dried molecular sieves 4 Å, 2.5 g. The reaction was carried out at 25 ºC for 45 
h and the flask was sealed with a calcium chloride guard tube. Once 
completed, the reaction mixture was diluted with dichloromethane (15.0 ml) 
and stirred for further 30 min and then filtered through a pad of celite, and the 
filtrate was evaporated under vacuum. The residue was recrystallised from 
ethanol to give the final product (14) as white flocks (0.58 g, 64.4 %). 151-153 
 
FT-IR: (cm-1) 2923, 2853, 1741, 1569, 1366, 1217, 1030. 
1H-NMR: (CDCl3, 500 MHz, ppm) δ 5.34 (2 H, m, H-9 & H-10), 5.17 (1H, AK2, J = 9.2 
Hz, H-3′), 5.14 (1 H, AK2, J = 9.6, H-3′′), 5.07 (1 H, AK2, J = 8.9 Hz, H-4′), 4.90 (1H, t, 
J = 7.8 Hz, H-4′′), 4.50 (1H, d, J = 7.7, H-1′), 4.43 (1 H, d, J =  7.9 Hz, H-1″), 4.37 (1 
H, m, H-6′a), 4.09 (1 H, m, H-6′′a), 4.05 (1H, d, H-5′), 4.02 (1H, d, J = 2.9, H-6′b), 
3.82 (1H, m, H-6′′b), 3.76 (2 H, t, J = 9.4, sugar-O-CH2-), 4.17 (1H, m, H6″b), 3.65 
(1H, m, H-2′), 3.57 (1H, m, H-5″), 2.12, 2.08, 2.03, 2.02, 2.01, 1.98, 1.96 (21 H, 7 s,   
-OCOCH3), 1.54 (4 H, m, H-8 & H-11), 1.26 (24 H, brs, H-2-7 & H-12-17), 0.87 (3 H, 
t, J = 6.9, H-18). α/β ratio: 1.7:1. 
13C-NMR: (CDCl3, 500 MHz, ppm) δ 170.52, 170.55, 170.24, 169.85, 169.57, 169.32, 
169.05, (7 x C=O), 130.01, 129.80 (C-9 & C-10), 100.81 (C-1″), 100.69 (C-1′), 
76.59(C-2′), 72.97 (C-3′), 72.64 (C-3′′), 72.55 (C-5′′), 71.96 (C-2′′), 71.63 (C-5′), 70.28 
(sugar-O-CH2-), 68.09 (C-4′′), 67.80 (C-4′), 61.93 (C-6′′), 61.55 (C-6′), 31.92 (C-3), 
29.77 (C-8), 29.55 (C-11), 29.739, 29.32, 29.27, 27.12, 27.20, 25.60, 25.50, 23.42, 
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22.67, 22.52 (C-4-7 & C-12-17), 20.89, 20.68, 20.68, 20.57, 20.55, 20.51, 20.30 (7 x 
-OCOCH3), 14.14 ( C-18).  
m/z (ESI+ ): [M+NH4]
+ for C44 H70O18 calculated 886.4562, measured 886.4562. 
 
2.16.4 Synthesis of oleyl β-D-sophoroside (15) 
 
 
        The product 14 (0.53 g, 0.59 mM) and sodium methoxide (0.032 g, 0.59 
mM) were added to a round-bottomed flask with dry methanol (10.0 ml). The 
reaction mixture was left to stir for 4 h at a temperature of 65 °C. The reaction 
mixture was protected from atmospheric moisture by the use of calcium 
chloride guard tube. On completion, the reaction mixture was cooled down to 
room temperature and acidified using glacial acetic acid to pH 6, then 
concentrated by rotary evaporation to (10.0 ml) then was poured with stirring 
into ice-cold d.H2O (25.0 ml) resulting in the precipitation of the product as a 
white solid, which was recrystallised from hot methanol (10.0 ml). The product 
(15) was recovered as a white powder (0.36 g, yield 70.1 %). 
 FT-IR: (cm-1) 3433-3377, 2921, 2853, 1569, 1376, 1058, 1026. 
1H-NMR: (DMSO, 500 MHz, ppm) δ 5.34 (2H, m, H-9 & H-10), 4.26 (1H, d, J = 7.1 
Hz, H-1′), 4.15 (1H, d, J = 6.95, H-1′′), 3.73 (1H, m, H-3′), 3.70 (1H, m, H-3′′), 3.68 
(1H, m, H-4′), 3.61 (1H, m, H-6′a), 3.41 (1H, m, H-6′b), 4.09 (1H, m, H-6′′a), 3.39 (1H, 
m, H-5′), 3.30 (1H, m, H-6′b), 3.28 (1H, m, H-6′′b), 3.24 (1H, m, H-2′), 3.17 
(2H, t, J = 8.0 Hz, Sugar-O-CH2-), 3.03 (1H, m, H-5″), 1.50 (4H, m, H-8 & H-11), 1.24 
(24 H, brs, H-2-7 & H-12-17), 0.85 (3 H, t, J = 6.5, H-18). α/β ratio: 1.1:1 
13C-NMR: (CDCl3, 500 MHz, ppm) δ, 130.07, 130.03 (C-9 & C-10), 103.68 (C-1″), 
103.04 (C-1′), 80.98 (C-2′), 77.27 (C-3′), 76.77 (C-3′′), 75.44 (C-5′′), 75.25 (C-2′′), 
73.67 (C-5′), 73.47 (C-4′′), 70.36 (C-4′), 69.19 (Sugar-O-CH2-), 61.34 (C-6′′), 60.81 
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(C-6′), 31.79 (C-3), 29.73 (C-8), 29.64 (C-11), 29.57, 29.42, 29.32, 29.18, 29.14, 
29.07, 27.11, 27.05, 20.01, 22.56 (C-4-7 & C-12-17), 23.72 (C-18). 
m/z: (ESI+): [M+NH4]
+ for C30H56O11 calculated 592.3823, measured 592.3816. 
 
2.16.5 Synthesis of stearyl 2ʺ, 3′, 3ʺ, 4′, 4ʺ, 6′, 6ʺ-hepta-O-acetyl-β-D-
sophoroside (16) 
 
 
       In a dry round bottom flask (100 ml), the product 15 (0.40 g, 0.572 mM) 
was added to stearyl alcohol (0.155 g, 0.572 mM). Dichloromethane (25.0 ml) 
was used as the solvent and silver oxide (220 mg) was added along with of 
pre-dried molecular sieve 4 Å, 2.5 g. The reaction was carried out at 25 ºC for 
45 h and the flask was sealed with calcium chloride guarding tube and 
secluded from light. After that, the reaction mixture was diluted with 
dichloromethane (15.0 ml) and the solution stirred for a further 30 min before 
being filtered through a pad of celite. The filtrate was evaporated under 
vacuum. The residue was recrystallised from hot methanol (20.0 ml) to give 
white flocks of the desired product (16) (0.32 g, 76.5%). 
 
FT-IR: (cm-1) 2919, 2850, 1741, 1367, 1215, 1034. 
 
1H-NMR: (CDCl3, 500 MHz, ppm) δ 5.20 (1H, m, H-3′), 5.16 (1H, m,  H-3′′), 5.08  (1H, 
t, J = 8.9 Hz, H-4′), 4.93 (1H, m, H-4′′), 4.52 (1H, d, J = 7.95, H-1′), 4.46 (1 H, d, J =  
7.91 Hz, H-1″), 4.39 (1H, dd, H-6′a), 4.11 (1 H, dd, H-6′′a), 4.06 (1H, m, H-5′), 3.86 
(1H, m, H-6′b), 3.82 (1H, m, H-6′′b), 3.78 (2 H, t, J = 9.4, Sugar-O-CH2-), 3.67 (1H, m, 
H-2′), 3.60 (1H, m, H-5″), 2.14, 2.11, 2.06, 2.04, 2.03, 2.02, 2.00 (21H, 7s, OCOCH3), 
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1.56 (2H, m, H-2-chain), 1.27 (31H, brs, H-3-17), 0.89  (3H, t, J = 7.05, H-18). α/β 
ratio: 1:1.5 
13C-NMR: (CDCl3, 500 MHz, ppm) δ 170.71, 170.29, 170.23, 169.67, 169.40, 169.31, 
169.18, (7 x C=O), 101.94 (C-1″), 100.77 (C-1′), 77.70 (C-2′), 73.01 (C-3′), 72.48 (C-
3′′), 71.97 (C-5′′), 71.91 (C-2′′), 71.33 (C-5′), 69.68 (C-4′′), 68.13 (C-4′), 63.16 (Sugar-
O-CH2-), 61.90 (C-6′′), 61.57 (C-6′), 32.78 (C-2), 31.89 (C-3), 29.92, 29.80, 29.739, 
29.32, 29.27, 27.12, 27.20, 25.60, 25.50, 23.42, 22.67, 22.52 (C-4-17), 21.00, 20.88, 
20.84, 20.66, 20.59, 20.54, 20.30 (7 x -OCOCH3), 14.19 (C-18).  
m/z: (ESI+): [M+NH4]
+ for C44 H72O18 calculated 888.4719, measured 888.4703. 
 
2.16.6 Synthesis of 2′', 3′, 3′', 4′, 4′', 6′, 6′'-hepta-O-acetyl-α/β-D-sophorose 
(17) 
 
 
  
        The product 13 (0.73 g, 1.04 mM) was reacted with UPW (0.019 ml, 1.04 
mM). Dichloromethane (20.0 ml) was used as the solvent to which silver oxide 
(200 mg) was added. The reaction was carried out at 25 ºC for 36 h and the 
flask was sealed with calcium chloride guarding tube and secluded from light. 
After that, the reaction mixture was diluted with dichloromethane (15.0 ml) and 
stirred for a further (30 min) before being filtered through a pad of celite and 
the filtrate was evaporated under vacuum. The residue was rotary evaporated 
and recrystallised from hot methanol to give the product as a mixture of 
anomers as white flocks (0.61 g, 83.56 %).    
M.P.: 188 -190 ºC. 
FT-IR: (cm-1) 3478, 2961, 1738, 1366, 1212, 1031. 
1H-NMR: (CDCl3, 400 MHz, ppm) δ 5.46 (1 H, t, J = 9.6, H-3′), 5.37 (1 H, d, J = 3.3 
Hz, H-1′α) and 4.96 (1 H, m, H-1′α), 5.17 (1 H, t, J = 9.4 Hz, H-3″), 5.06 (1H, t, J = 8.9 
Hz, H-4′), 5.00 (1 H, t, J = 6.5, H-4″), 4.98 (1 H, t, J = 8.8 Hz, H-5′), 4.72 (1 H, d, J = 
7.06,  H-1′′ β) and 4.64 (1 H, d, J = 7.9, H-1′′ β ) 4.31 (1H, m, H-6′a), 4.29 (1H, m, H-
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6′′a), 4.20 (1H, d, J = 3.5 Hz, H-2′′), 4.08 (1H, m, H-6′b), 3.78 (1H, m, H6″b), 3.72 
(1H, d, J = 7.0 Hz, H-2′), 3.70 (1H, m, H-5″), 2.11, 2.09, 2.06, 2.04, 2.02, 2.01, 2.00 
(21 H, 7 s, -OCOCH3). α/β ratio: 1:1.2 
13C-NMR: (CDCl3, 400 MHz, ppm) δ 170.82, 170.76, 170.30, 169.92, 169.77, 
169.37, 169.32, (7 x C=O), 101.01 (C-1″) and 100.50 (C-1″) 90.90 (C-1′) and 95.07 
(C-1″), 77.79 (C-2′), 72.52 (C-3′), 72.15 (C-3′′), 71.51 (C-5′′), 70.69 (C-2′′), 68.33 (C-
5′), 68.17 (C-4′′), 67.25 (C-4′), 61.96 (C-6′′), 61.59 (C-6′), 20.82, 20.78, 20.76, 20.64, 
20.58, 20.58, 20.38 (7 x -OCOCH3).                                                              
m/z (HPLC-ESI+, ACN:H2O (6:4): [M+Na]
+ for C26H36O18 calculated 636.1902, 
measured 636.1885.                                                                                                       
2.16.7 Synthesis of 2′', 3′, 3′', 4′, 4′', 6′, 6′'-hepta-O-acetyl-1ʹ-O-palmitoyl-
β-D-sophoroside (18)  
 
 
         The product 17 (0.400 g, 0.62 mM, 1 eq.), palmitoyl chloride (0.208 g, 
0.755 mM, 1.2 eq.) and pyridine (0.30 ml, 4 eq.) were added along with 
dichloromethane (20.0 ml). The reaction was carried out at 25 ºC for 45 h.  
After that the reaction mixture was concentrated and extracted with DCM 
(10.0 ml) and UPW (20.0 x 2 ml). The organic layer was back washed with 
brine water (20.0 ml x 2).  
The organic phase was dried over anhydrous sodium sulphate. The crude 
product was filtered and rotary-evaporated and recrystallised from ethanol 
(30.0 ml) to give the product (18) as white flocks (0.281 g, 70.25 %). 
 M.P.: 114 -116 ºC. 
 FT-IR: (cm-1) 2916, 2848, 1740, 1703, 1366, 1214, 1033. 
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1H-NMR: (CDCl3, 400 MHz, ppm) δ 5.68 (1 H, d, J = 8.2 Hz, H-1′), 5.24 (1 H, t, J = 
9.3, H-3′), 5.15 (1H, t, J = 9.3 Hz, H-3″), 5.06 (1H, m, H-4′), 5.06 (1 H, m, H-4″), 4.98 
(1 H, t, J = 8.8 Hz, H-5′), 4.52 (1 H, d, J = 7.8,  H-1′′), 4.40 (1H, dd, H-6′a), 4.37 (1H, 
m, H-6′′a), 4.15 (1H, m, H-6′b), 4.12 (1H, m, H6″b), 3.83 (1H, d, J = 9.0 Hz, H-2′), 3.67 
(1H, m, H-2″), 2.45 (1H, d, J = 7.9 Hz, H-5′′), 2.35 ( 2 H, m, sugar-O-COCH2), 2.14, 
2.11, 2.05, 2.04, 2.02, 2.01, 2.00 (21 H, 7 s, -OCOCH3), 1.61 (2 H, m, H-3-chain), 
1.27 (24 H, brs, H-4-15), 0.89 (3 H, t, J= 6.96, H-16). α/β ratio: 1:1.6                              
 13C-NMR: (CDCl3, 400 MHz, ppm) δ 171.75 (sugar-O-CO-CH2), 170.29, 170.27, 
169.70, 169.67, 169.49, 169.33,169.05 (7 x C=O), 100.73 (C-1″), 92.36 (C-1′), 75.96 
(C-2′), 73.52 (C-3′), 72.89 (C-3′′), 72.31 (C-5′′), 70.01 (C-2′′), 71.52 (C-5′), 70.41 (C-
4′′), 67.77 (C-4′), 61.61 (C-6′′), 61.56 (C-6′), 47.34 (C-2 chain), 34.05 (C-3 chain), 
31.64 (C-4 chain), 29.70, 29.67, 29.63, 29.60, 29.41, 27.37, 29.20, 28.94, 28.88, 
24.35, 22.71 (C-5-15), 20.86, 20.82, 20.77, 20.67, 20.57, 20.56, 20.51 (7 x                          
-OCOCH3).  
m/z (ESI+): [M+NH4]
+ for C44 H72O18 calculated 874.4198, measured 874.4208. 
 
2.16.8 Synthesis of 2′', 3′, 3′', 4′, 4′', 6′, 6′'-hepta-O-acetyl-α-(4-
nitrophenyl)-D-sophorose (19)  
 
 
      The product 12 (0.611 g, 0.900 mM, 1 eq.) was added to a solution of 
dichloromethane (25.0 ml) containing 4-nitrophenol (0.250 g, 1.80 mM, 2 eq.) 
under N2 gas.  
      The mixture was cooled to 0 ºC for 30 min before adding boron trifluoride 
etherate (0.332 ml, 2.70 mM, 3 eq.), the reaction mixture was left to stir for 2 h 
at room temperature with N2 gas flowing through. The mixture was kept under 
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reflux at 45 ºC for 48 h then quenched by adding a saturated NaHCO3 
solution (15.0 ml), diluted with dichloromethane (10.0 ml) and stirring was 
continued for 20 min. The organic layer was then washed with Na2CO3 (2 × 
20.0 ml) and with brine water (2 x 20.0 ml).  
       The combined organic phase was dried over anhydrous sodium sulphate. 
The crude product was filtered and rotary-evaporated then recrystallised from 
hot methanol to give the product as a pure white solid (0.421 g, 68.90%).154-156 
M.P.: 98-100 ºC. 
FT-IR: (cm-1) 3119, 2943, 1738, 1613, 1593, 1366, 1209, 1026. 
 
1H-NMR: (CDCl3, 400 MHz, ppm) δ 8.24 (2 H, d, J = 9.1Hz, ortho Ar-H substituted), 
7.25 (2 H, d, J = 9.2, meta Ar-H substituted), 5.73 (1H, d, J = 4.01 Hz, α H-1′) 5.61              
(1 H, t, J = 9.3 Hz, H-3′), 5.14 (1H, m, H-3″), 5.03 (1 H, t, J = 9.7 Hz, H-4′), 4.95 (1H, 
t, J = 9.0, H-4″), 4.68 (1H, d, J = 8.0 Hz, β H-1′′), 4.25 (1H, dd, H-6′a), 4.20 (1H, dd, 
H-6″a), 4.11(1H, dd, H-6′b), 4.03 (1H, m, H-6″b), 4.05 (1H, m, H-5′′), 3.97 (1H, t, J = 
3.6, H-5′), 3.85 (1H, m, H-2′), 3.60 (1H, dd, H-2′′), 2.13, 2.11, 2.08 , 2.04, 2.03, 2.02, 
2.00 (21H,7 s, -OCOCH3). α/β ratio: 1.4:1 
 
13C-NMR: (CDCl3, 400 MHz, ppm) δ 170.43, 170.37, 170.31, 169.72, 169.71, 169.25, 
169.07 (7 x C=O), 161.2, 143.2, 125.80, 117.00 (-C=C- phenyl ring), 101.41 (C-1″), 
97.00 (C-1′), 76.27 (C-2′), 72.55 (C-3′′), 72.18 (C-5′′), 71.26 (C-3′), 71.04 (C-2′′), 
68.47 (C-5′), 68.03 (C-4′′), 67.97 (C-4′), 61.47 (C-6′′), 61.34 (C-6′), 20.81, 20.71, 
20.65, 20.58, 20.56, 20.55, 20.37 (7 x -OCOCH3).  
 
m/z (ESI+): [M+NH4]
+ for C32 H39NO20 calculated 757.2065, measured 757.2061. 
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2.16.9 Synthesis 4-nitrophenyl-α-D-sophoroside (20) 
 
 
        The product 19 (0.350 g, 0.46 mM) and sodium methoxide (0.032 g, 0.59 
mM) were added to a round-bottomed flask with dry methanol (10.0 ml). The 
reaction mixture was left to stir for 4 h at a temperature of 65 °C and was 
protected from the atmospheric moisture by the use of a calcium chloride 
guard tube. On completion, the reaction mixture was cooled down to room 
temperature and acidified using glacial acetic acid to pH 6, then concentrated 
by rotary evaporation (to 10.0 ml) then was poured with stirring into ice-cold 
d.H2O (25.0 ml) resulting in the precipitation of the product as a white solid, 
which was recrystallised from hot methanol (10.0 ml). The product (20) was 
recovered as white solid (0.245 g, yield 70.0%). 
M.P.: 90-92 ºC. 
FT-IR: (cm-1) 3430-3320, 2931, 2787, 2701, 1697, 1562, 1519, 1365, 1058, 1075. 
 
1H-NMR: (CD3OD, 400 MHz, ppm) δ 8.22 (2 H, d, J = 8.9, ortho Ar-H substituted), 
7.31 (2 H, d, J = 9.2, meta Ar-H substituted), 6.05 (1H, d, J = 3.0 Hz, α H-1′) and 6.10 
(1H, d, J = 3.6 Hz, α H-1ʺ), 5.73 (1 H, m, H-3′), 5.49 (1H, m, H-3″), 5.38 (1 H, m, H-
4′), 5.30 (1H, d, J = 6.5, H-4″), 4.67 ( 1H, m, H-2″), 4.56 (1H, d, J = 7.6 Hz, β H-1ʹ) 
and 4.65 (1H, d, J =7.5 Hz, β H-1′′), 4.09 (1H, m, H-6′a), 3.92 (1H, m, H-6″a), 3.77 
(1H,m, H-6′b), 3.62 (1H, m , H-6″b), 3.53 (1H, dd, H-5′), 3.45 (1H, t, J = H-2′), 3.32 
(1H, m, H-5 ). α/β ratio: 1.6:1                                                                                                                           
13C-NMR: (CD3OD, 400 MHz, ppm) δ 162.1, 142.4, 125.30, 116.80 (-C=C- phenyl 
ring), 104.50 (C-1″), 97.64 (C-1′), 80.63 (C-2′), 76.64 (C-3′′), 76.15 (C-5′′), 73.69 (C-
3′), 73.40 (C-2′′), 71.80 (C-5′), 70.20 (C-4′′), 67.97(C-4′), 61.41 (C-6′′), 60.30 (C-6′).                             
m/z (ESI+): [M+Na]+ for C18 H25NO13 calculated 463.1326, measured 463.1332. 
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2.16.10 Synthesis of 2′', 3′, 3′', 4′, 4′', 6′, 6′'-hepta-O-acetyl-β-(4-
nitrophenyl)-D-sophorose (21)  
 
 
            In a dry round bottom flask (250 ml), the product 13 (0.670 g, 0.96 
mM, 1eq.), 4-nitrophenol (0.066 g, 0.479 mM, 0.5 eq.) and dry chloroform 
(40.0 ml) were added under N2 gas and the mixture was kept under stirring. 
Triethylbenzylammonium chloride (1.03 g) dissolved in an aqueous sodium 
hydroxide solution (36.0 ml, 1.25 N) was added dropwise. The reaction 
mixture was left to stir at 25 ºC for 6 days. Then UPW (60 ml) was added and 
the reaction mixture was further extracted with dichloromethane (2 x 50.0 ml). 
The organic layer was then washed with UPW, dried over anhydrous sodium 
sulfate and concentrated under reduced pressure. The residue was then 
purified by silica gel column chromatography [(kiesel gel 60= 150 g, 
dimensions: 5.5 cm length and the eluent mixture was n-hexyl/ethyl acetate 
(1:1)] to obtain the desired compound (0.450 g, 68.1%) as white crystals. 157-
159 
M.P.: 96-98 ºC. 
FT-IR: (cm-1) 3110, 2943, 1735, 1593, 1519, 1366, 1211, 1031. 
1H-NMR: (CDCl3, 400 MHz, ppm) δ 8.14 (2 H, d, J = 8.8 Hz, ortho Ar-H substituted), 
7.04 (2 H, d, J = 8.8, meta Ar-H substituted), 5.48 (1H, d, J = 3.1 Hz, H-4″), 5.08 (1 H, 
m, H-4′), 5.00 (1H, dd, H-2″), 5.22 (1 H, t, J = 9.2 Hz, H-3′′), 4.87 (1H, t, J = 8.7, H-5′), 
5.12 (1H, d, J = 7.9 Hz, α H-1′) and 4.98 (1H, d, J = 7.0 Hz, α H-1′), 4.68 (1H, J = 8.0 
Hz, β H-1′′) and 4.57 (1H, J = 7.7 Hz, β H-1′′), 4.36 (1H, dd, H-6′a), 4.19 (1H, m, H-
6′b), 4.17 (1H, m, H-3′), 4.02 (1H, m, H-6″b), 4.04 (1H, m, H-6″a), 3.95 (1H, dd, H-2′), 
3.69 (1H, m, H-5′′), 2.05, 2.02, 2.01, 1.98, 1.96, 1.93, 1.92 (21 H, 7 s, -OCOCH3). 
α/β ratio: 1:4.                                                                                                                           
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13C-NMR: (CDCl3, 400 MHz, ppm) δ 170.47, 170.35, 170.11, 169.70, 169.38, 169.29, 
169.12 (7 x C=O), 161.50, 143.2, 125.77, 116.39 (-C=C- phenyl ring), 101.40 (C-1″) 
and 101.25 (C-1″), 100.70 (C-1′) and 98.28 (C-1′), 73.96 (C-2′), 73.52 (C-3′), 72.37 
(C-3′′), 71.93 (C-5′), 70.79 (C-5′′), 68.09 (C-2′′), 67.54 (C-4′), 67.35 (C-4′′), 61.63 (C-
6′′), 60.57 (C-6′), 20.95, 20.78, 20.66, 20.61, 20.59, 20.48, 20.33 (7 x -OCOCH3).  
m/z (HPLC-MS, ACN:H2O (5:5): (ESI
+): [M+Na]+ for C32 H39NO20 calculated 757.2065, 
measured 757.2034. 
 
2.16.11 Synthesis 4-Nitrophenyl-β-D-sophoroside (22) 
 
 
        The product 21 (0.320 g, 0.42 mM) and sodium methoxide (0.032 g, 0.59 
mM) were added to a round-bottomed flask with dry methanol (10.0 ml). The 
reaction mixture was left to stir for 4 h at a temperature of 65 °C and was 
protected from the atmospheric moisture by the use of calcium chloride guard 
tube. On completion, the reaction mixture was cooled down to room 
temperature and acidified using glacial acetic acid to pH 6, concentrated by 
rotary evaporation to (10.0 ml) and then was poured with stirring into ice-cold 
d.H2O (25.0 ml) resulting in the precipitation of the product as a white solid, 
which was recrystallised from hot methanol (10.0 ml). The product (22) was 
recovered as a white solid (0.270 g, yield 74%). 
 
M.P.: 91-93 ºC. 
FT-IR: (cm-1) 3430-3267, 2981, 2891, 1622, 1592, 1346, 1074, 1020. 
1H-NMR: (DMSO-d6, 400 MHz, ppm) δ 8.19 (2 H, d, J = 8.9, ortho Ar-H substituted), 
7.28 (2 H, d, J = 9.2, meta Ar-H substituted), 5.22 (1 H, d, J = 6.8 Hz, H-1′α) and 5.20 
(1 H, d, J = 6.1 Hz, H-1′α), 4.47 (1 H, d, J = 7.6, H-1′β ) and 4.24 (1 H, d, J = 6.8, H-
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1′β ), 3.70 (1H, m, H-6′a), 3.57 (1H, m, H-6′b), 3.52 (1H, m, H-3″), 3.50 (1 H, m, H-2′), 
3.47 (1 H, d, J = 8.5, H-3′), 3.46 (1H, m, H-6′′b), 3.34 (1H, m, H-6a″), 3.25 (1H, m, H-
4″), 3.17( 1 H, m, H-5″), 3.12 (1 H, m, H-5′), 3.09 (1 H, m , H-4′), 2.98 (1 H, m,  H-2″). 
α/β ratio: 1:4.                                                                                                                          
13C-NMR: (DMSO-d6, 400 MHz, ppm) δ 153.0, 142.50, 125.60, 117.50 (-C=C- phenyl 
ring), 105.32 (C-1″), 99.5 (C-1′), 83.31 (C-2′), 77.45 (C-3′′), 77.39 (C-3′), 76.62 (C-5′′), 
75.16 (C-2′′), 76.11 (C-5′), 70.06 (C-4′′), 67.57 (C-4′), 61.15 (C-6′′), 60.84 (C-6′).  
m/z (ESI+): [M+Na]+ for C18 H25NO13 calculated 486.1326, measured 486.1339. 
 
2.17 Measurement of the critical micelle concentration (CMC) of 
sophorolipids 
 
        The minimum surface tension and critical micelle concentration (CMC) of 
sophorolipids and their derivatives were measured at 25 ºC using the 
dynamometer 0.1N surface tensiometer (Leybold® Didactic GMBH, Germany). 
The experiment (break-away method) was carried out with an assembly used 
for measuring surfactant surface tension. The apparatus used consists of a 
light-alloy ring with a knife edge of approximately 60 mm diameter and 
connected to a hook by means of three threads. When the edge is dipped into 
sophorolipid solution the surface tension can be determined when withdrawing 
the ring. The force at which the ring loses contact with the surface is 
equivalent to the surface tension of the liquid. The liquid level should be 
lowered at a constant rate by lowering the laboratory stand. 
        The surface tensions of different concentration of sophorolipids and their 
derivatives from (5 to 1000 mg/L) in UPW were measured. Sodium dodecyl 
sulfate (SDS) was used as the control. The data were presented as the mean 
of three readings. The CMC [mM] and γCMC (mN/m) values were obtained from 
the relationship curve between the sophorolipid’s concentration and their 
corresponding surface tension. 160,161 
       The CMC values were obtained from a plot of the surface tension as a 
function of the biosurfactant concentration.  
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         The concentration at which micelles began to form was taken to be the 
CMC. Above this concentration, no increment was detected in the reduction of 
surface tension of sophorolipids.  
2.18 Substrate studies: Is the sophorose derivative, 4-nitrophenyl-α-D-
sophoroside a substrate for the α-glucosidase enzyme 
 
       The sophorose derivative; 4-nitrophenyl-α-D-sophoroside were tested as 
a substrate of the α-glucosidase (EC.3.2.1.20) from Saccharomyces 
cerevisiae. The compound 4-nitrophenyl-α-D-glucoside was used as a control 
substrate during the experiment.  
       The enzyme activity was determined by measuring the increase in the 
absorbance of the released 4-nitophenol at 400 nm as a function of time. The 
reactions were performed in a UV-spectrophotometer, Biowave ll UV 
spectrophotometer (Biochrom Ltd., Cambridge, UK) at room temperature. 
 
2.18.1 UV-spectrophotometric (colorimetric) determination method 
 
       The enzyme catalysed hydrolysis reaction was studied using 4-
nitrophenyl-α-D-glucopyranoside (pNP-Glc) as a substrate in the absence and 
presence of 4-nitrophenyl-α-D-sophoroside and using the α-glucosidase 
enzyme from Saccharomyces cerevisiae.  
     The reaction conditions were conducted at 37 ºC, pH 6.8 and ʎ max 400 nm. 
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2.18.1.1 General working procedure 
 
       Separate stock solutions were prepared for the substrate, the inhibitor 
and the enzyme: 
 4-nitrophenyl-α-D-glucopyranoside (pNP-Glc)             0.01 M 
 4-nitrophenyl-α-D-sophoroside (pNP-Soph)                 0.01 M 
 α-glucosidase from Saccharomyces cerevisiae:        1 mg/ml    
in potassium phosphate buffer, pH 6.8, 0.067 M at 37 °C. 
 Glutathione, reduced solution (GSH)                            0.003 M 
      The reaction system was prepared as follows: 
1)  Test-solution: Consisted of reagent A (buffer pH 6.8, 10.0 ml), reagent 
B (GSH, 0.40 ml) and reagent C (enzyme solution 0.40 ml). 
 
2)  Blank-solution: Consisted of UPW (0.40 ml), reagent A (buffer pH 6.8, 
10.0 ml) and reagent B (GSH, 0.40 ml). 
      The test and blank solutions were pipetted into a separate clean universal 
glass vial (20.0 ml) and mixed by inversion then equilibrated to 37 °C for 10 
min. After that substrate solution (pNP-Glc, 1.0 ml) was added to each vial, 
which was then mixed and incubated for exactly 20 mins at 37 °C. In a 
separate experiment, the substrate (pNP-Soph, 1.0 ml) was added to the test 
and blank solution vials and also incubated for 20 min at 37 ºC.        
       Before quantifying the amount of p-nitrophenol released to the test 
solution (1.0 ml) was added a solution of Na2CO3, (0.1 M, 4.0 ml) and the 
mixture was pipetted into a clean vial (5 ml) and mixed by inversion. The 
same procedure was repeated for the blank solution (1.0 ml).  
      The solutions (1.0 ml) were then transferred into a UV cuvettes and the 
absorbance recorded at 400 nm for using the UV spectrophotometer. All 
measurements were performed in triplicate and values were averaged.  
 
70 
 
2.19 Inhibitor studies: Is the sophorose-derivative, 4-nitrophenyl-α-D-
sophoroside an inhibitor of the α-glucosidase enzyme 
 
         The effect of the addition of 4-nitrophenyl-α-D-sophoroside (pNP-Soph) 
to the enzyme substrate 4-nitrophenyl-α-D-glucopyranoside (pNP-Glc) was 
studied and the reaction conditions were conducted based on the following 
procedure: 
2.19.1 Non-competitive inhibition procedure 
  
         The working concentrations of the substrate pNP-Glc and inhibitor pNP-
Soph were tested in the presence of the enzyme α-glucosidase. Three 
experiments with different concentrations of the inhibitor of 4-nitrophenyl-α-D-
sophoroside (pNP-Soph) were conducted to test the effect on substrate 
hydrolysis (pNP-Glc). In the first experiment, the same colorimetric method 
was conducted (section 2.18.1.1) with a concentration of the pNP-Glc, (5 mM) 
without the inhibitor. In the second experiment, the conditions utilized were 
pNP-Glc, (5 mM) mixed with an equal concentration of pNP-Soph (5 mM, 1.0 
ml) in the third experiment, the concentration of substrate pNP-Glc (5 mM) 
was kept constant while increasing the concentration of the inhibitor (10 mM). 
During these experiments, the colorimetric method was used to monitor the 
formation of p-nitrophenolate.  
 
 2.20 Cell viability and cytotoxicity assays of sophorolipids 
 
         The cytotoxic effect (anticancer activity) of sophorolipid derivatives 
against human breast MCF7 and prostate PC3 carcinoma cell lines were 
investigated using the following techniques: MTT assay and cell-lysis method.  
         The work was conducted at the University of Huddersfield and was 
carried out by the postgraduate researcher Mr. Glenn Robinson and the 
project students; Hanna White and Emily Roddy. 
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3. Production, structure elucidation and characterisation of 
natural sophorolipids  
 
3.1 General introduction 
 
       Sophorolipids are extracellular-biosurfactants, which have been known for 
over four decades as environmentally friendly surface-active compounds. 
Sophorolipids can be produced using a number of different yeast strains in a 
fermentation process and starting from either renewable resources or 
materials recovered from existing waste streams (spent oils and sugars 
derived from agricultural wastes). Sophorolipids usually show low ecotoxicity 
and are biodegradable; these characteristics make them highly desirable in 
our society with growing environmental awareness. Surfactants are widely 
used in a range of industrial sectors and have a number of applications: 
including in food production, as cleaning products, as chemical raw materials, 
as cosmetics, in health care and as personal care products. The large majority 
of surfactants that are in use are produced by chemical methods and are 
classified as chemical surfactants. 13,23 These chemical surfactants when 
applied, for example, in washing applications, inevitably end up in the 
environment where they are not always easily degradable compared to 
biosurfactants. 5 
 
3.2 Production of sophorolipid biosurfactants  
 
       Sophorolipid surfactants are synthesized by nonpathogenic yeasts and 
can be produced in high yields and have wide applications due to either their 
emulsifying, antimicrobial or other beneficial properties. The yeast Candida 
bombicola is considered as one of the most widely used strains of 
microorganism in the production of sophorolipid biosurfactants. 55 The 
sophorolipid products are composed of the disaccharide sophorose linked by 
a glycosidic bond to the terminal (ω) or sub-terminal (ω-1)-hydroxy group of a 
hydroxy-fatty acid. 37 
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      The carbon chain length of these hydroxy fatty acids varies: normally 
between 16 to 18 carbon atoms. The yeasts, Candida bombicola (ATCC 
22214) and Candida apicola (ATCC 96134) synthesize a mixture of 
sophorolipids: an acidic form (3) and a diacetylated lactonic form (2) with the 
lactone form representing the majority of the material present in the mixture 
when C.bombicola is used. 96,162 In contrast, the domercqia strain is a different 
sophorolipid producer which is known for the synthesis of acid sophorolipids. 
99 
      A study of sophorolipid production showed that the composition of the fatty 
acid portion of sophorolipid varies according to the substrate added into the 
medium. 163 The study was based on the use of fatty acid esters of palmitic 
C16, stearic C18:0, oleic C18:1 and linoleic acid C18:1. Using these carbon 
sources, maximum incorporation was observed with using stearic and oleic 
acid. The identity of the fatty acid being determined using the acid 
methanolysis method and gas liquid chromatography. 54 Other products with 
different lipid chain lengths have been reported, a recent study by Ribeiro and 
et.al., demonstrated the production of a C24:0 monoacetylated/diacetylated 
acidic sophorolipid using the yeast Rodotorula bogoriensis. 164 The yeast 
secretes sophorolipids when grown on media containing glucose 
supplemented with long-chain fatty acids as a carbon source. 165 
      Whilst a large number of studies on sophorolipid production have 
identified that both sugar and fatty acid carbon sources are required for 
maximum production of sophorolipids, production can occur in the absence of 
a lipid source, but at a much-reduced amount. 61,102,163,166 
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         These studies showed that the glucose was used primarily for cellular 
metabolism and the formation of sophorose moiety while the other carbon 
source (fatty acids) was used for the synthesis of the hydroxy-carboxylic acid 
part, which is linked to the sophorose. It has also been reported that the 
glucose present in the culture medium is not incorporated directly into the 
sophorolipid molecule and that the glucose required for sophorolipid 
production is formed during gluconeogenesis. 167 This fact explained the 
inability to modify the carbohydrate composition of sophorolipids by adding 
different sugars to the culture medium, it also explains why it is possible to get 
sophorolipid production when glucose is not present in the media, but at lower 
yield. 
 
3.3 Analysis and structure characterisation of sophorolipids 
 
         A number of different analytical methods and instrumental techniques 
have been used by researchers for the structural elucidation of sophorolipids. 
Thin layer chromatography and medium pressure liquid chromatography have 
been the most extensively used techniques. 37 Historically, the identification of 
the sophorolipid structures e.g. those derived using oleic acid as a lipophilic 
substrate have been determined with the help of a range of mass 
spectrometry techniques including: fast atom bombardment mass 
spectrometry (FAB-MS),99 atmospheric pressure chemical ionization mass 
spectrometry (APCI-MS) 86 and electro-spray ionization mass spectrometry 
(ESI-MS). 37,62 More recently, a wider variety of structural analysis methods 
have been used for the analysis of sophorolipids and their derivatives 
including 1D- and 2D-NMR, 102,166,167 FT-IR , HPLC-MS, 92,93,97,168 GC and MS. 
106,107  The hydroxyl fatty acid type incorporated into the sophorose moiety was 
routinely identified by GC-MS and using Fatty Acid Methyl Ester (FAMEs) 
analysis. 54,102,166  
 
         In the commercial production of sophorolipids, a number of different unit 
processes are needed in order to isolate products suitable for use in specific 
applications. Many of these processes involve exposing materials to acidic 
and basic conditions and to elevated temperatures.  
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      Little is known about how these processes can alter the distribution of the 
different products. For this reason, it was decided to perform a detailed 
analysis of the products formed at various points in the processing of 
sophorolipid fermentation products. It was also hoped that by identifying minor 
components present in the reaction system more information could be learnt 
about sophorolipid biosynthesis and if there was any evidence for product 
catabolism. It is not immediately obvious why microorganisms such as C. 
bombicola should produce sophorolipids as this would remove a valuable 
carbon feed. A number of authors have suggested that during starvation the 
sophorolipids can be used as a carbon feed-stock but to date there is very 
little evidence to support this theory. 
      Therefore, the aims of this part of the current research project were to 
study the products of the fermentation process in detail and to determine if it is 
possible to observe the production catabolic products such as glucolipids and 
free sugars including sophorose. In doing so, it was also of interest to 
determine if new analytical methods, those that are routinely used for sugar 
analysis such as monomer and linkage analysis; can be applied to gain a 
detailed structural analysis of sophorolipids. 
     
3.4 Production and isolation of sophorolipids 
       
       In the commercial production of sophorolipids, after the completion of the 
fermentation process, the initial product is a crude mixture of lactone & acid 
sophorolipids. The crude product is dense brown oil which settles as one of 
two phases: a lipid-rich bottom layer containing the sophorolipids and an 
upper aqueous phase (spent liquors). 
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3.5 Structural analysis of the initial sophorolipids mixture using NMR 
spectroscopy 
 
     In this study, the chemical structures of sophorolipids and their derivatives 
were investigated using 1D- and 2D-NMR spectroscopy and spectra were 
recorded at either 400 or 500 MHz as discussed in the experimental section 
2.3.1. To simplify the analysis of the 1H-NMR spectra, the spectra can be 
considered as being composed of three main sections; the high chemical shift 
region (Section A; 5.5-4.4 ppm), the region containing the sugar ring protons 
(Section B; 4.3-3.1 ppm) and the low chemical shift region i.e., below 3.05 
ppm (Section C). 
3.5.1 Structural analysis of the initial crude fermentation products (1) 
 
 Section (A): The high chemical shift region includes the anomeric 
sugar protons and the alkene protons (4.4-5.5 ppm), which has signals 
from the H-1' and H-1"-protons of the sugars, signals from the lipid 
alkene protons (H-9 and H-10) and the H-4"-proton of the lactone 
sophorolipid.  
 Section (B): This section covers the region between (4.3-3.1 ppm) and 
consists of signals belonging to the sugar ring protons (H-2 to H-6) and 
the lipid H-17 proton. 
 Section (C): This section covers the region below (3 ppm), which 
consists of signals from the lipid methylene and methyl groups, the 
acetyl groups (O(CO)CH3) and acetate either in the form of acetic acid 
or sodium acetate. 
 
       Inspection of the 1H-NMR spectrum of the initial fermentation products 
(Figure 3-1) identified that it is a mixture of the acid and lactone forms of the 
sophorolipids. With the lactone form as the major component: in section (A), 
the integral value for the resonance attributed to the alkene signals of the lipid 
chain resonating at (-CH9=CH10- ; 5.42-5.28 ppm) was close to 2 whereas the 
triplet signal at 5.0-4.9 ppm, is for lactone-H-4″ signal, i.e., the point of lactone 
esterification on the sophorose moiety integrated to 0.66. 
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Figure 3-1: 1H-NMR spectrum of the initial sophorolipid product (1) recoded at 25 ºC 
using CDCl3. 
      The protons for the glucopyranose-H-1' and glucopyranose-H-1" resonate 
at 4.61-4.53 ppm and 4.50-4.43 ppm respectively. In section (B) of the 
spectrum, the resonances attributed to the signals of (H-6' and H-6") of the 
sophorose moiety were located at 4.40-4.20 ppm, and appear as two sets of 
peaks indicating the presence of acetylated and non-acetylated C6s for both 
acid and lactone sophorolipids, while the multiplet signal which was at 4.10-
4.06 ppm, (integral 1 H) belongs to the H-17 of the lipid chain.  
       Furthermore, the resonance signals within the range (3.85-3.25 ppm, 8 H) 
represents the sophorose ring protons, namely H-3', H-3", H-5', H-5", H-2', H-
2" and H-4' and H-4" for the acid form of the sophorolipids, which is present in 
a small amount (approximately 33%) in the crude. 
       Finally, section (C), includes the signals from the lipid chain protons. The 
multiplet peak resonating at (2.43-2.25 ppm, 4 H) represents the methylene 
attached to carbon (C-2) in the lipid chain (adjacent to the carbonyl group) in 
both the acidic and lactone form, whereas the two sharp singlet peak, 
resonating at (2.10-2.05 ppm, 6 H) represent the resonance of the acetyl     
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methyl groups (O(CO)CH3) attached to the position C-6' and C-6" on the 
sophorose moiety for the lactone form in the crude sample. The peak at (2.05 
and 1.65 ppm, 4 H) is due to the methylene protons (CH2-CH=CH-CH2) 
adjacent to the alkene protons. The multiple signals for protons which were 
present at (1.40-1.24 ppm, 21 H) were assigned to the lipid methylene protons 
as well as the doublet peak, which resonated at (1.20 ppm, 3 H) was derived 
from the methyl group on (C-18) of the lipid chain. 
 
       The composition of the crude products, specifically the presence of both 
the lactone and acid forms of the sophorolipid, was determined by 
examination of a series of 2D-NMR spectra. Analysis of the 2D-HMBC 
spectrum (Figure 3-2) of the initial products, (1) confirmed that the major 
component is the lactone form (66%, 2) of the sophorolipid and this was 
deduced through identification of the long-range coupling (on the HMBC 
spectrum) of the H-4″ proton (4.9 ppm) with the ester carbonyl carbon (173.3 
ppm). Also, the protons at H-6′ & H-6″ were correlated with the acetyl groups 
at (171.70 and 170.60 ppm), which confirms the presence of two acetyl 
groups on positions C-6s. The presence of two acetyl methyl groups 
(O(CO)CH3) at (2.20-2.00 ppm) which were correlated to the acetyl carbonyl 
signals at (171.70 and 170.60 ppm) confirmed the presence of the acetylated 
lactone form in the initial products.  
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Figure 3-2: 1H-13C-HMBC spectrum of the initial sophorolipid product (1). 
 
3.6 Structural analysis of the initial sophorolipid mixture using FT-IR 
spectroscopy 
 
       The chemical structures of sophorolipids and their derivatives were also 
investigated using FT-IR spectroscopy. The methods employed to record the 
spectra are reported in the experimental section 2.3.2. The initial sophorolipid 
product (1) showed a broad absorption band at 3361-3377 cm-1 (Figure 3-3) 
corresponding to the O-H stretching for the sugar ring hydroxyls and for the 
carboxylic O-H group in the case of the acid sophorolipid form. The absorption 
due to the asymmetrical and symmetrical stretching of the methylene (-CH2-) 
occurred at 2924-2854 cm-1 as medium strength bands, whereas the strong 
absorption band occurred at 1743 cm-1, was attributed to the C=O stretching 
of the lactone ester and the acetate ester carbonyls located on the C-6 
positions of the sophorose moiety; this confirmed the acetylation of the 
lactone form.  
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        The medium absorption band at 1644 cm-1 was assigned to the 
stretching vibration of the unsaturated alkene group (-CH=CH-) present in the 
fatty acid chain. The strong C-O absorption band of the acetyl esters was 
observed at 1240 cm−1 while the weak bands at 1440 cm−1 corresponded to 
the C-O-H in the plane bending of the carboxylic acid (-COOH) in the structure 
of both lactone and acid sophorolipid products.  Finally, the C-O stretch from 
the C-O-H groups of the sugar (sophorose moiety) was observed at 1080-
1035 cm−1.  
           Figure 3-3: FT-IR spectrum of the initial sophorolipid product, (1) 
 
3.7 Structural analysis of sophorolipids using GC-MS and HPAEC-PAD  
 
       After identifying the structural information from the NMR and FT-IR 
interpretation, monomer and linkage analysis were performed to confirm that 
the sugar monomers present in the sophorolipids were glucose and that the 
glucose monomers were joined by a β (1→2)-linkage. Both GC-MS and 
HPAEC-PAD techniques were used to identify the linkage pattern present in 
the sophorolipids samples. 
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 3.7.1 Monomer analysis of the initial sophorolipid product using HPAE-
PAD 
 
         HPAEC–PAD is frequently utilized to determine the monomer 
composition of carbohydrate-containing molecules. The process is rapid and 
only requires acid hydrolysis to remove glycoside links and aglycones (lipids) 
for investigation; the detailed procedure is discussed earlier in section 2.7.1. 
         All the products recovered from the commercial manufacture of 
sophorolipids were analysed. A series of standards, glucose, galactose, and 
mannose were run in order to identify the relevant retention times of the 
monomers. Each standard was run in triplicate to minimize the variation in the 
retention times (Table 3-1). The peak’s retention times (RT) were used to 
confirm the presence of the monomers. 
Table 3-1: HPAEC-PAD retention times of standard sugars 
 
Standards pKa Average Retention 
Time (RT) min. 
Standard 
Deviation (SD) 
Galactose 12.39 6.55 0.082 
Glucose 12.28 7.00 0.130 
Mannose 12.08 9.78 0.073 
 
        After acid hydrolysis of sophorolipids, samples were run immediately 
along with the standards. Galactose and mannose were included as 
standards in order to investigate the possible presence of small amounts of 
any components that may be generated from the yeast extract, cell-wall 
mannan and glucans, added as part of the media employed in the 
fermentation process, which may present in sophorolipids composition.  
       The analysis of the initial sophorolipid mixture sample (1) gave just one 
peak, which was observed with a retention time of 6.97 min. (Figure 3-4). This 
observed retention time was compared with the standard analysis 
chromatogram; the monomer type in the crude sample was similar to glucose.  
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Figure 3-4: HPAEC-PAD chromatogram for the initial sophorolipid product (1) sample 
after acid hydrolysis. 
          In order to get further confirmation, initial sophorolipid sample was 
spiked with the monosaccharide and the sample was assayed by HPAEC-
PAD and the resulting chromatograms showed that the sugar present is 
exclusively glucose and trace amounts of other sugars were not detected.  
 
3.7.2 Monomer analysis using GC-MS 
 
         The sophorolipids monosaccharide composition was also investigated 
using GC-MS. Trifluoroacetic acid was employed for the hydrolysis of the 
glycosidic linkage in sophorolipids to obtain the monomer components, which 
were then converted to alditol acetates using the method described in section 
2.7. The resulting reaction products were then subjected to GC-MS analysis 
using the GC-MS column oven temperature program listed in section 2.9. 
         The GC-chromatogram obtained (Figure 3-5) for the initial sophorolipid 
products contained a distinct peak around 13.54 min, this peak had a very 
similar retention time to that the monomer glucose, which was run as a control 
13.58 min. The mass spectrometry fragmentation pattern generated by this 
peak was analysed (Figure 3-6). The fragmentation observed for these peaks 
were identical to that generated by glucitol hexaacetate.  
82 
 
 
Figure 3-5: GC-chromatogram for initial sophorolipid products (1) after acid hydrolysis. 
 
Figure 3-6: EI-mass spectrum of the glucitol hexaacetate generated from the initial 
sophorolipid product (1) and the mass fragmentation interpretation pattern (inset MS 
adapted from analysis of carbohydrates by GLC-MS) 169 
  
          The monomer analysis results by GC-MS further confirmed that there is 
no an impurity or contamination from the media present in the crude product 
and glucose is the only sugar presents after the acid hydrolysis process. As a 
result, the monomer analysis methods performed by HPAEC-PAD and GC-
MS both gave identical results. 
 
 
83 
 
3.7.3 Linkage analysis of the initial sophorolipid products (1)  
 
         The type of linkage present in the sophorolipids samples was 
investigated using GC-MS. The sugars present in the sophorolipid samples 
were converted to their permethylated alditol acetates (PMAAs), which were 
analysed using the GC-MS method described in section 2.9.1. The 
permethylation analysis was used to establish the point of attachment of the 
glycosidic linkages between each of the monomer residues. Typically, the 
sophorolipids were derivatized to form acid stable methyl ethers, the 
glycosidic bonds were hydrolysed, the C-1 carbonyls were reduced with 
sodium deuterioborohydride and free hydroxyls were peracetylated, and the 
products analysed by GC-MS. The linkage analysis method was also used to 
determine the extent of acetylation on the C-6 positions on the sophorose 
moiety. The PMAA derivatisation of the crude sophorolipid sample produced 
peaks observed in the GC-MS chromatogram (Figure 3-7) at 12.37, 15.25, 
15.41, 16.32 and 19.59 min with a peak area ratio of 74.52, 100.00, 17.14, 
23.25, 83.17 % respectively, in addition to other minor peak at 23.84 min with 
a ratio of 5.33 %. For interpretation of the mass spectrometry data for the 
PMAA fragmentation patterns for these peaks were (Figure 3-8 & 9) 
compared to literature MS, 169 it was found that the first peak was for 1,5-di-O-
acetyl-(1-deuterio)-2,3,4,6-tetra-O-methyl glucitol, derived from a terminally 
linked glucose moiety (T-glucose).  
Figure 3-7: GC-chromatogram represents the linkage pattern for the initial sophorolipid 
products (1) 
Terminal (T-glucose) 
1, 6-linked 
1, 4-linked 
1, 2-linked 
2, 6-linked 
OMe Glucitol-hexaacetate
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Figure 3-8: EI-mass spectrum for derivative 1,5-di-O-acetyl-(1-deuterio)-2,3,4,6-tetra-O-
methyl glucitol (T-Glucose) derived from the 12.37 min GC-peak (inset MS adapted 
from analysis of carbohydrates by GLC-MS) 169 
 
         Whereas the second peak at 15.25 min was identified as 1,2,5-tri-O-
acetyl-(1-deuterio)-3,4,6-tri-O-methyl glucitol (1-2-glucose), derived from a 1→
2 linked glucose moiety (1-2-glucose). These are the linkage that we were 
expecting to find in a deacetylated sophorolipids sample i.e. in a sample which 
is composed of two glucose molecules linked by a 1→2 glycosidic bond. The 
other peaks in the GC chromatogram, at 15.41 and 16.32 min, were 
determined to be: 1,4,5-tri-O-acetyl-(1-deuterio)-2,3,6-tri-O-methyl glucitol, 
derived from a 1→4 linked glucose moiety (1-4-glucose; generated from the 
lactone);1,5,6-tri-O-acetyl-(1-deuterio)-2,3,4-tri-O-methyl glucitol, derived from 
a 1-6 linked glucose moiety (1-6-glucose-acetylated), (Figure 3-10 & 11).            
 
        The last peaks in GC chromatogram are at 19.59 min was determined for 
1,2,5,6-tetra-O-acetyl-(1-deuterio)-,3,4-di-O-methyl glucitol (2→6-glucose) as 
shown in (Figure 3-12). This is expected for an acetylated sophorolipid 
product which is mainly the lactone form presents in the initial (crude) 
sophorolipid products sample.  
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Figure 3-9: EI-mass spectrum for derivative of 1,2,5-tri-O-acetyl-(1-deuterio)-3,4,6-tri-O-
methy glucitol (1→2 Linked glucose) derived from the 15.25 min GC-peak (inset MS 
adapted from analysis of carbohydrates by GLC-MS) 169 
Figure 3-10: EI-mass spectrum for derivative of 1,4,5-tri-O-acetyl-(1-deuterio)-2,3,6-tri-O-
methyl glucitol (1→4 Linked glucose) derived from the 15.41 min GC-peak.  
Figure 3-11: EI-mass spectrum for derivative of 1,5,6-tri-O-acetyl-(1-deuterio)-2,3,4-tri-O-
methyl glucitol, alternatively denoted as a 1→6 linked glucose moiety (1→6 Linked 
glucose) derived from the 16.31 min GC-peak.  
 
 
 
1,2- linked glucose 
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Figure 3-12: Mass spectrum for derivative of 1,2,5,6-tetra-O-acetyl-(1-deuterio)-,3,4-di-O-
methyl glucitol, alternatively denoted as a 2→6 linked glucose moiety (2→6 Glucose) 
derived from the 19.54 min GC-peak. (inset MS adapted from analysis of carbohydrates 
by GLC-MS) 169 
 
3.8 Production of the lactone form of the sophorolipid 
   
        In order to isolate the lactone form of the sophorolipid, the pH of the lipid-
rich layer is increased using cold aqueous alkaline solution [0.1 M] resulting in 
the dissolution of the acid sophorolipid (3) and leaving the lactone form (2) as 
a white solid material (Figure 3-13) which is further cleaned by treatment with 
water. 
        To isolate the deacetylated acid form (3), it is normal practice to recover 
the pure lactone sophorolipid from the crude product and then to convert it to 
the acid form via a based catalysed hydrolysis reaction 65,87,170 which involves 
heating with an aqueous alkaline solution at 50-70 ºC. The hot alkaline 
treatment gives two phases, an upper aqueous phase from which the acid 
form is precipitated on reacidification and a brown lipid-phase (lactone waste). 
The acid form was generated as a result of the hydrolysis reaction of the 
lactone form which resulted in the opening of the lactone ring and the 
deacetylation of the acetyl esters at positions C-6′ & C-6″, the product 
recovered is a colourless viscous liquid. 
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Figure 3-13: Scheme representing (A) the lactone sophorolipid production and (B) the 
acid sophorolipid production. 
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3.8.1 Structural analysis of the sophorolipid lactone, (2) and acid, (3) 
using NMR spectroscopy           
 
        The 1H-NMR spectra for the pure lactone and acid sophorolipids are both 
shown in (Figure 3-14). The 1H-NMR spectra were recorded in different 
solvents, D2O for the acid and CDCl3 for the lactone form using 400 MHz NMR 
spectrometer at 25 ºC. The assignments of signals are also based on the 
same three sections as for the initial sample, (1). The distinct difference 
between the two forms is the absence of the triplet peak resonating at 5.0-4.9 
ppm, in the acid form (3) which is for the H-4" proton i.e. the point of lactone 
esterification in the lactone form. The 1H-NMR spectrum for the lactone 
sample showed the presence of small peaks at (4.04, 5.10 & 5.13 ppm) which 
belong to the sophorose hydroxyl groups. Those peaks were absent in the 
case of the acid form (3), which was recorded in D2O where they undergo 
exchange.  
 
Figure 3-14: 1H-NMR spectra of sophorolipids (a) lactone form, (2) and (b) acid form, (3) 
recoded at 25 ⁰ C. 
(a) 
(b) 
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         The difference between the two forms was also seen in the 13 C-NMR 
spectrum acid form (Figure 3-15), which showed the presence of a signal at 
(178.0 ppm) that was assigned to the carboxylate ion (COO-K+). In contrast, 
the lactone form has three signals (173.3, 171.7 and 170.7 ppm) which were 
all assigned to the lactone carbonyl and for the two acetyl groups O(CO)CH3. 
The 1H- and 13C-NMR chemical shifts for the individual resonances were 
similar to the NMR data of the SLs compounds reported by other researchers. 
18,106,171,172 
 
 
 
Figure 3-15: The 
13
C–NMR spectra for sophorolipids (a) lactone, (2) recoded in CDCl3 
and (b) acid (3) in D2O solvent. 
 
3.8.2 Structural analysis of lactone, (2) and acid, (3) sophorolipids using 
FT-IR spectroscopy. 
 
         The structures of the sophorolipids were investigated using FT-IR 
spectroscopy. The spectra for the lactone and acid form both included a broad 
absorption band around 3361-3377 cm-1 (Figure 3-16, a & b) corresponding to 
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the O-H stretching for the sugar hydroxyls and the carboxylic O-H groups in 
the case of the acid/lactone form sophorolipids.  
       The medium strength absorption bands for asymmetrical and symmetrical 
stretching of the methylene CH2’s occurred at 2924-2854 cm-1, whereas the 
1651 cm-1 & 1558 cm-1 medium strength absorption bands were for the 
stretching of the unsaturated -CH=CH- in the case of the lactone (a) and the 
acid (b) sophorolipids. This -CH=CH-, the band was shifted to 1558 cm-1 in 
the acid form due to the opening of the lactone ring. 
      The lactone sophorolipid sample showed a strong C=O band for the 
lactone carbonyl at 1744 cm-1 and the acetate carbonyls located on the C-6 
positions of the sophorose moiety; this confirmed the acetylation of the 
lactone. This band was weaker and shifted to 1643 cm-1 for the acid form 
which confirmed the opening of the lactone ring and the formation of the 
carboxylic acid or (carboxylate salt, COO- K+) after treatment with KOH. The 
absence of the small shoulder attached to the carbonyl absorption band 
confirmed the removal of the acetate groups (through solvolysis) on the C-6 
positions of the acid sophorolipid sample.  
      The acetyl groups on the C-6 positions generated a strong C-O stretching 
band at 1234 cm-1 in the lactone sample confirming the presence of acetates 
on the C6s (these results agree with the 13C-NMR data, which also confirmed 
the presence of the acetate groups on the C-6s). This band became very 
weak or had disappeared in the case of the acid sophorolipid; this is further 
evidence of the deacetylation of the C-6 positions. The weak bands at 1453 
cm−1 and 1410 cm-1 corresponding to the C-O-H in-plane bending of 
carboxylic acid (-COOH) in the structure of both SLs samples also the C-O 
stretch from C-O-H groups of sugar (sophorose moiety) are observed at 1075-
1034 cm−1.  
      The FT-IR spectral data of the lactone and acid sophorolipids were found 
similar to data reported in previous studies. 106,173,174 
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Figure 3-16: Comparison of FT-IR spectra for sophorolipids: (a) lactone, (2) and (b) 
acid, (3). 
 
3.8.3 Monomer analysis of lactone, (2) and acid, (3) sophorolipids using 
HPAEC–PAD 
         
         The lactone and acid form were subjected to monomer analysis in order 
to investigate the sugar type involved in their carbohydrate components. After 
acid hydrolysis of sophorolipids, samples were run on the HPAEC-PAD along 
with standards (glucose, galactose and mannose) to identify the relevant 
retention times of monomers.  
        The analysis of samples gave just one peak as was the case for the 
initial sophorolipid sample, which was observed with a retention time between        
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7.25-7.30 min (Figure 3-17, a & b). The observed retention time was 
compared with the standard analysis chromatogram (Table 3-1); all samples 
were identical to glucose and no evidence of other impurities were present in 
both samples. 
 
Figure 3-17: HPAEC-PAD chromatograms after acid hydrolysis for (a) lactone, (2) 
and (b) acid, (3)  
 
        
       To further confirm the identity of the monomers present in the lactone and 
acid sophorolipids, the samples were spiked with glucose and the samples 
were assayed by HPAEC-PAD. The resulting chromatograms showed that the 
sugar present was glucose. The monomer analysis results confirmed that 
there is no evidence for other impurities associated with or incorporated into 
the products. 
(a) 
    (b) 
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3.8.4 Monomer analysis of lactone, (2) and acid, (3) sophorolipids using 
GC-MS 
 
         The lactone and acid sophorolipids’ monosaccharide composition were 
further investigated utilizing GC-MS. The GC-chromatograms obtained (Figure 
3-18, a & b) for both samples contained distinct peaks at 13.52 and 13.42 min 
for the lactone and the acid samples respectively. The peaks had a very 
similar retention time to that of the monomer glucose, which was run as a 
control i.e. 13.58 min. The mass spectrometry fragmentation pattern 
generated by these peaks was analysed (Figure 3-19). The fragmentation 
observed for the peaks were identical to that generated by glucitol 
hexaacetate. 
 
 
Figure 3-18: GC-chromatograms for sophorolipids after acid hydrolysis: (a) lactone, (2) 
and (b) acid, (3). 
(a) 
   (b) 
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 Figure 3-19: EI-mass spectrum of glucitol hexaacetate generated from sophorolipids 
and their mass fragmentation interpretation pattern (inset MS adapted from analysis of 
carbohydrates by GLC-MS)169 
       The monomer analysis results conducted by HPAEC-PAD and GC-MS 
both confirmed that the sugar monomer involved in the lactone and acid 
sophorolipid carbohydrate component is glucose with no other impurities or 
different sugar type incorporated in the sophorolipid structure. These results 
are also consistent with the monomer analysis results obtained for the initial 
sophorolipid sample. 
 
3.8.5 Linkage analysis of lactone, (2) and acid, (3) sophorolipids     
   
          GC-MS analysis was also used to determine the type of linkage in the 
lactone and acid samples. The lactone and acid samples were converted to 
their permethylated alditol acetates (PMAAs). The permethylation analysis is 
utilized to establish the position of glycosidic linkages between monomer 
residues. The analysis can be used to determine the degree of acetylation at 
the C-6 positions on sophorolipid samples. The PMAA derivatisation of the 
lactone sample (Figure 3-20) produced peaks in the GC-MS chromatogram 
observed at 12.35, 15.25, 15.41, 16.31 and 19.54 min with a peak area ratio 
of 49.41, 100.00, 26.33, 20.60, and 44.69 % respectively. 
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       In addition to other minor peak at 23.82 min with a ratio of 2.94 %. For 
interpretation of the mass spectrometry data for the PMAAs fragmentation 
patterns to these peaks were (Figure 3-21 & 22) compared to literature MS, 
169 it was found that the first peak was for the 1,5-di-O-acetyl-(1-deuterio)-
2,3,4,6-tetra-O-methyl glucitol, derived from terminally linked glucose moiety 
(T-glucose), whereas the second peak at 15.25 min was identified as a 1,2,5-
tri-O-acetyl-(1-deuterio)-3,4,6-tri-O-methyl glucitol, which is derived from a 
1→2 linked glucose moiety (1-2-glucose). These are the linkage expected to 
find in deacetylated sophorolipid samples, which is composed of two glucose 
molecules linked by 1→2 type linkage. The other peaks in the GC 
chromatogram 15.41 and 16.31 min were determined for 1,4,5-tri-O-acetyl-(1-
deuterio)-2,3,6-tri-O-methyl glucitol and alternatively denoted as a 1→4 linked 
glucose moiety (1-4-glucose), which is also expected for the deacetylated 
lactone form and the 1,5,6-tri-O-acetyl-(1-deuterio)-2,3,4-tri-O-methyl glucitol, 
alternatively denoted as a 1-6 linked glucose moiety (1-6-glucose) (Figure 3-
23 & 24) which is expected for the acetylated lactone sophorolipid form. The 
other peak in GC chromatogram 19.54 was determined for 1,2,5,6-tetra-O-
acetyl-(1-deuterio)-,3,4-di-O-methyl glucitol (2→6 Linked glucose) (Figure 3-
25). This is also expected for the acetylated lactone sophorolipid. 
 
 
Figure 3-20: GC-chromatogram represents the linkage pattern for lactone sophorolipid, 
(2) 
 
 
Terminal (T-glucose) 
1, 6-linked 
1, 4-linked 
1, 2-linked 
2, 6-linked 
OMe 
Glucitol-hexaacetate
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Figure 3-21: EI-mass spectrum for derivative 1, 5-di-O-acetyl-(1-deuterio)-2, 3, 4, 6-tetra-
O-methyl glucitol (T-Glucose) derived from the 12.35 min GC-peak (inset MS adapted 
from analysis of carbohydrates by GLC-MS) 169 
 
Figure 3-22: EI-mass spectrum for derivative of 1,2,5-tri-O-acetyl-(1-deuterio)-3,4,6-tri-
O-methy glucitol (1→2 Linked glucose) derived from the 15.25 min GC-peak (inset MS 
adapted from analysis of carbohydrates by GLC-MS) 169 
(1-2 Linked glucose) 
97 
 
 
Figure 3-23: EI-mass spectrum for derivative of 1,4,5-tri-O-acetyl-(1-deuterio)-2,3,6-tri-
O-methyl glucitol (1→4 Linked glucose) derived from the 15.41 min GC-peak. (inset MS 
adapted from analysis of carbohydrates by GLC-MS) 169 
 
Figure 3-24: EI-mass spectrum for derivative of 1,5,6-tri-O-acetyl-(1-deuterio)-2,3,4-tri-
O-methyl glucitol, alternatively denoted as a 1→6 linked glucose moiety (1→6 glucose) 
derived from the 16.31 min GC-peak. (inset MS adapted from analysis of carbohydrates 
by GLC-MS) 169 
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 Figure 3-25: Mass spectrum for derivative of 1,2,5,6-tetra-O-acetyl-(1-deuterio)-,3,4-di-
O-methyl glucitol, denoted as a 2-6 linked glucose moiety (2→6 glucose) derived from 
the 19.54 min GC-peak. (inset MS adapted from analysis of carbohydrates by GLC-MS) 
169 
       The PMAA derivatisation of the acid sophorolipid (Figure 3-26) produced 
the same peaks as those observed in the lactone form sample, but with 
different ratios. The peaks observed in the GC chromatogram are at 12.41, 
15.26, 15.41, 16.31 and 19.51 min with a ratio of 50.74, 63.61, 6.23, 4.21, 
3.44 respectively, in addition to other minor peak at 23.82 min with a ratio of 
2.79 %.  
Figure 3-26: GC-chromatogram represents the linkage pattern for the acid sophorolipid 
(3 
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      The interpretation of mass spectrometry data for the PMAA fragmentation 
patterns to these peaks were (Figure 3-21 & 22) also compared to literature 
MS, 169 it was found that the first major peak was for the 1,5-di-O-acetyl-(1-
deuterio)-2,3,4,6-tetra-O-methyl glucitol, derived from the terminally linked 
glucose moiety (T-glucose), whereas the second major peak at 15.25 min was 
identified as 1,2,5-tri-O-acetyl-(1-deuterio)-3,4,6-tri-O-methyl glucitol, derived 
from a 1→2 linked glucose moiety (1-2-glucose). These are the linkage 
expected to find in deacetylated acid sophorolipid sample, which is composed 
of two glucose molecules linked by 1→2 type linkage.  
 The other minor peaks in the GC chromatogram at 15.41 and 16.31 min were 
of lower ratios (Table 3-2) compared to the peak ratios of the lactone 
sophorolipid  and determined for 1,4,5-tri-O-acetyl-(1-deuterio)-2,3,6-tri-O-
methyl glucitol, alternatively denoted as a 1→4 linked glucose moiety (1-4-
glucose), which is also expected for the deacetylated acid form and 1,5,6-tri-
O-acetyl-(1-deuterio)-2,3,4-tri-O-methyl glucitol, alternatively denoted as a 1-6 
linked glucose moiety (1-6-glucose) (Figure 3-23 & 24) which is expected for 
the acetylated acid sophorolipid form, but in small amount. The other minor 
peak in GC chromatogram 19.54 was determined for 1,2,5,6-tetra-O-acetyl-(1-
deuterio)-,3,4-di-O-methyl glucitol (2→6 Linked glucose) (Figure 3-25). This is 
also expected for the acetylated acidic sophorolipid but in very small amount. 
Overall, the results confirm that the structure of the acid sophorolipid is free of 
acetate groups at the C-6s position on the sophorose moiety (Table 3-2) and 
these results are concise with NMR data for the acid sophorolipid. The degree 
of acetylation on the C-6s of sophorose moiety in both sophorolipid forms are 
explained in terms of % peak ratios in table 3-2 below: 
 
Table 3-2: GC-MS linkage analysis peak ratios for lactone and acid sophorolipids. 
 
Linkage Type % Peak ratio in lactone form % Peak ratio in acid from 
Terminal glucose 20 39 
1→2 41 49 
1→4 10 5 
1→6 8 3 
2→6 18 3 
Glucitol-
hexaacetate 
1 2 
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3.9 Conclusion 
 
       The lactone and acid sophorolipids standards were successfully produced 
and isolated from the crude sophorolipid after the fermentation process by 
Croda Biotechnology, UK. Their structures were fully elucidated and 
characterized. The main form was found as the natural lactone, (2) with a 
hydroxyl fatty acid (C18:1) unit linked to the C-1′ position of the sophorose 
moiety and esterified at the C-4" position of sophorose. Whereas the acid 
form, (3) produced successfully by the alkaline treatment of the lactone form 
and the NMR data confirmed the opening of the lactone ring and the 
deacetylation occurred on both of the C-6s positions. The NMR data 
confirmed sophorolipids are pure and there is no evidence of other impurities 
associated with the production of sophorolipids. 
       The monosaccharide composition of sophorolipids was investigated by 
HPAEC-PAD and GC-MS, the results showed that glucose was found as the 
only monosaccharide unit present in sophorolipids. These results were further 
confirmed and correlated with the GC-MS results, which also showed the 
glucose as the only monomer present in the sophorolipids. The linkage 
analysis results confirmed that the linkage in sophorolipids is a β (1-2)- 
glucose link. 
  
  
 
 
 
 
 
 
4. Isolation of sophorose from 
the lactone waste and the 
conversion of sophorose to the 
isomeric 2-O-β-D-
glucopyranosyl-D-mannose
   
101 
 
4. Isolation of sophorose & isomaltose from the lactone waste 
and the conversion of sophorose to the isomeric 2-O-β-D-
glucopyranosyl-D-mannose 
 
4.1 Introduction  
 
         Sophorose, β-1,2-glucopyranosyl-D-glucose is considered to be a 
valuable disaccharide. This disaccharide possesses important biological 
activity and is a strong natural inducer of cellulases e.g. in Hypocrea. jecorina 
175 and plays a vital role in activating the production of the different cellulase 
enzymes needed for the production of glucose which is used in the bioethanol 
production process. The structural carbohydrate constituent of the biologically 
active glycosides, saponins and ginsenoside are composed of sophorose. 
176,177 Sophorose is also the carbohydrate portion of sophorolipids, 2,37,66 that 
are progressively being produced for the use as commercial surface-active 
agents. 
          In the early 1920s, the chemical synthesis of sophorose was first 
reported, by Freudenberg et al., 178 . Interest in sophorose grew in the 1950s, 
when it was accidentally found to be existing in trace quantities in the supplies 
of D-glucose which had been produced by the inorganic acid catalysed the 
hydrolysis of starch 179 and these attracted researchers to find a more 
convenient method to sophorose synthesis. An improved method for the 
chemical synthesis of sophorose was reported by Coxon and Fletcher 180 in 
the 1960s. The isolation of sophorose from natural sources was first reported 
in the 1960s by several authors who extracted sophorose from natural 
sophoryl-glycosides, including kaempferol sophoroside isolated from pods of 
Sophora japonica 181 and from the sweet glycoside stevioside from Stevia 
rebaudiana. 182 
          More recently, in 2012, sophorose and activated sophorose donors 
have been produced from sophorolipids by Pietruska et al. 183 who reported 
the isolation of per-O-acetyl-sophorosyl bromide from the reaction of 
acetylated sophorolipids with acetic acid and hydrogen bromide. Later on in 
2015, Jourdier et al. 144 reported that the acid catalysed  hydrolysis of 
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sophorolipids generating a mixture of glucolipids, glucose, and sophorose, 
these components were then isolated after treatment of the mixture with an 
enzyme to remove the contaminating glucose. 
 
4.2 Chemical hydrolysis of natural sophorolipids 
  
       The diacetylated lactone sophorolipid contains both ester and glycosidic 
bonds, which are susceptible to either acid or alkaline catalysed hydrolysis. 
The process of the hydrolysis in aqueous solution will start with the cleavage 
of the ester bonds on the C-6s position which will be followed by the much 
slower subsequent hydrolysis of the glycosidic bond, which results in the 
removal of the disaccharide moiety to yield the hydroxyl-fatty acid. Sophorose 
is usually only observed during alkaline hydrolysis of sophorolipids when the 
reaction is conducted under harsher alkaline reaction conditions or via acid 
hydrolysis which involves heating at 50-70 ⁰C. 144 In the isolation of the acid 
sophorolipid, during the alkaline hydrolysis of the lactone sophorolipid the 
gradual removal of the esters transforms the solid and insoluble diacetyl 
lactone sophorolipid into a liquid phase which is heavier than water and a 
mixture of acid and lactone sophorolipids with a varying degree of acetylation. 
Ultimately, the process generates the deacetylated acidic sophorolipid in the 
solution (Figure 4-1). 184 
 
 
 
Figure 4-1: Schematic for alkaline / acid hydrolysis of the lactone sophorolipid 
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4.3 Extraction of sophorose from sophorolipids process waste streams 
 
        As was stated earlier, there are a number of processing steps involved in 
isolating the different sophorolipid solids (described in chapter 3) and in each 
of these processes a waste is generated: during a typical fermentation, 
sophorolipid production is allowed to proceed until the pH of the fermentation 
mixture falls to 3.5 at which point the mixture settles into two phases, a lipid 
rich bottom layer containing the sophorolipids 185 and an upper aqueous 
phase (spent liquors); in isolation of the lactone, there is a pH adjustment of 
the lipid phase which generates solid lactone and a waste aqueous phase. 
The lactone is recovered from the lipid-rich layer by extraction of acidic 
impurities with cold aqueous alkali; the lactone is converted into the acid form 
in a hydrolysis step involving the treatment and heating with aqueous alkali 87 
(Figure 3-13). The hot alkali treatment gives two phases, an upper aqueous 
phase from which the acid form is precipitated on re-acidification and a brown 
lipid-phase (lactone waste). In an attempt to fully understand all of the 
products generated during the fermentation NMR and HPAEC-PAD were 
used to determine what products were present in the waste streams.  HPAEC-
PAD analysis of the lactone waste identified the presence of free sugars; the 
HPAEC chromatograph (Figure 4-1) contained peaks corresponding to both 
glucose and sophorose with a (ratio 1:10 w/w) the ratio being calculated using 
glucose and sophorose standard calibration curves. 
 
        As the commercial process generates large volumes of lactone waste                
(1000s of litres) it is a cheap source from which sophorose could be recovered 
and an attempt was made to isolate sophorose from the liquid phase. The 
extraction of sugar was based on the method described in section 2.10. The 
sugars were extracted into an aqueous phase leaving the lipid components as 
a separate organic phase. After separation of the two layers, the aqueous 
phase was evaporated to leave a brown solid residue which contained a 
range of salts as well as the desired sugars (5.5 g, 5.6 % w/w of the original 
waste 98 g, 100 ml).  
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Figure 4-1: HPAEC chromatograms for: (a) D-glucose standard, (b) sophorose standard 
and (c) extracted sugar mixture from the lactone waste. 
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4.4 Use of Carbon: celite 535 column chromatography technique for the 
isolation of carbohydrates 
       
      A number of researchers have used columns composed of mixtures of 
carbon and celite (filter aid, flux calcined) and elution with aqueous ethanol for 
the effective separation as well as high resolution of sugar mixtures into 
monosaccharides, and disaccharides. 186-188 Celite aids in maintaining a 
uniform flow-rate. The age of this technique is old, however, it is still valuable 
and is considered as a useful method for preparative-gram scale purifications, 
because of its ability to handle much greater quantities of material than most 
HPLC methods as a result of the high capacity of the carbon columns, thus 
permitting the quantitative isolation of minor components of a sugar mixture in 
reasonable amounts. This desirable technique was used recently for the 
isolation of four oligosaccharides from sugar beet molasses. 189,190 
4.5 Isolation and separation of glucose, isomaltose, (9) and sophorose, 
(10) using carbon: celite 535 column chromatography 
 
      The extracted sugar mix from the lactone waste was subjected to 
preparative column chromatography carbon: celite 535 according to the 
procedure described in section 2.10.1.1. The carbon was added to provide a 
mechanical support and to prevent compression of the column, which would 
be detrimental to eluent flow; the carbon also helps to absorb coloured 
materials.  The carbon: celite chromatography results show that the column 
used of (5 cm x 50 cm) dimensions was suitable for the separation of between 
(5 to 8 g) of the sugar mix sample. The sugar mix (5.51 g) was dissolved in 
UPW and applied to a carbon-celite column and the column was eluted 
initially with water to remove impurities (salts) in the sample then with an 
aqueous mobile phase containing increasing amounts of ethanol (5-20 %). 
Most of the glucose was eluted using 5% ethanol (2 L), next a disaccharide 
which was later determined to be isomaltose was eluted from the column 
using 10% ethanol (2 L). Finally, a fraction containing sophorose was eluted 
using a more hydrophobic eluent 20% ethanol in water (2 L). The different 
fractions were collected (Table 4-1) and their reducing sugar content was 
assayed by HPAEC-PAD. 
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Table 4-1: Carbon: celite 535 column chromatography fraction elution process 
 
      According to the HPAEC data analysis, the fractions of interest for 
glucose, isomaltose and sophorose were determined and plotted as line 
graphs (Figure 4-2, a, b & c), which clearly show the sugar concentrations 
(area: nC*min) present in each sample fraction.  
 
Figure 4-2: Graph represents the concentration of isolated sugars in the fractions of 
interest: (a) glucose, (b) isomaltose and (c) sophorose.  
 
        The HPAEC chromatographs (Figure 4-3) for the fractions of interest, and 
for glucose, an isomaltose and for sophorose standards; confirmed the 
fractions of interest. The signal peak for fraction T-48 (Figure 4-3, b) was 
observed at a retention time of 6.68 min, which was assigned to D-glucose, 
the signal peak for fraction T-95 (Figure 4-3, d) was observed at 11.55 min 
and represents isomaltose, (9). 
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Figure 4-3: HPAEC chromatograms for (a) D-Glucose standard, (b) isolated D-Glucose, 
(c) Isomaltose standard and (d) Isomaltose isolated from the column. 
 
 
 
 
  Isolated glucose-fraction T48  
 (a) 
(b) 
  Glucose-10 ppm standard    
 (c) 
 
 
Unknown peak 
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 (d) 
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       The HPAEC analysis for the fraction T-138 (Figure 4-4) gave a peak at 
28.15 min and this retention time was close to that of the sophorose standard 
(50 ppm), which had a retention time at 28.00 min. The HPAEC analysis 
(Figure 4-4) indicated that sophorose with a purity of greater than 95% had 
been recovered and this corresponds to approximately one percent of the 
mass of the original waste. Given the large volume of lactone waste available, 
this represents a potentially large source of the valuable disaccharide 
sophorose. As the biosynthetic pathway involves sequential addition of 
glucose residues to the lipid chain, 191 free sophorose was not expected to be 
a product of the fermentation process.  
 
 
Figure 4-4: HPAEC chromatograms for: (a) sophorose standard and (b) isolated 
sophorose (T-138) from the column. 
          
        The fractions of interested were pooled and the solvent evaporated at 
35-40 °C giving the product as a crystalline white solid. The total recovered 
sugars from the carbon: celite column separation method were as follows:  
Sophorose-50 ppm standard 
 
 
  Isolated sophorose-fraction T136  
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      glucose (2.53 g, 46%), isomaltose (0.43 g, 8%) sophorose (0.95 g, 17%) 
and (1.60 g, 29%) of impurities. These have been isolated from 5.51 g of 
sugar mix. To confirm the identity of the products the recovered sugars were 
subjected to NMR analysis. 
4.6 Structure elucidation of the isolated sugars using NMR technique 
  
       The 1H-NMR analysis of the sugar mix extracted from the lactone waste 
(Figure 4-5) confirmed that the organic component of the material was mostly 
a mixture of glucose and sophorose and that no lipids were present; the 1H-
NMR spectrum was compared with the spectra of D-glucose and sophorose 
standards. Comparison of the integrals for the anomeric protons (α plus β-
anomers) for the two sugars indicated that the extracted mixture contained a 
1:2.3 (w/w) ratio of glucose to sophorose whereas HPAEC analysis suggested 
a slightly higher ratio of 1:2.7 (w/w).  
 
 
Figure 4-5: 1H-NMR Spectra for standard D-glucose (top), sophorose (middle) and the 
sugar mix extracted from the lactone waste (bottom) recorded at 30 ºC in D2O using 
400 MHz NMR spectrometer. 
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       The isolated sophorose, isomaltose and glucose chemical structures 
(Figure 4-6, 7 & 8) gave identical spectra to those of their standards and were 
of a high purity as the 1H-NMR spectra indicated: 
 
 Figure 4-6: Top spectrum is the 1H-NMR spectra for the recovered sophorose, (10) and 
the standard, while the bottom spectrum is the DEPT-135 for both the recovered and 
standard sophorose recorded at 70 °C in D2O using 500 MHz NMR spectrometer. 
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      The 1H-NMR spectrum (Figure 4-6) for the isolated sophorose is identical 
to the standard sophorose spectrum, which confirms that the isolated sugar is 
sophorose with a purity of more than 95 %.  
      The 1H-NMR spectrum (Figure 4-7) of the isomaltose isolated from the 
column was identical to that recorded for an isomaltose standard. The isolated 
sugar is isomaltose with a purity of more than 92 %. 
 
 
     Figure 4-7: Top spectrum is the 1H-NMR spectra for the recovered isomaltose, (9) and 
the standard, while the bottom spectrum is the DEPT-135 for both the recovered and 
standard isomaltose recorded at 70 °C in D2O using 500 MHz NMR spectrometer. 
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       Finally, the 1H-NMR for the isolated sugar glucose was also identical to 
the standard glucose NMR as indicated in (Figure 4-8) below: 
 
Figure 4-8: 1H-NMR spectrum for the isolated glucose and the standard recorded at 70 
°C in D2O using 500 MHz NMR spectrometer. 
 
4.7 Linkage analysis of isomaltose  
      The type of linkage present in the material suspected to be isomaltose 
was confirmed using linkage analysis and employing GC-MS. The isolated 
isomaltose was permethylated and then analysed using the methods 
described in sections 2.9.1 & 2.9.2. Isomaltose was derivatised to form acid 
stable methyl ethers, hydrolysed, reduced and then peracetylated before 
being analysed by GC-MS. 
      The GC-MS trace for the PMAA derivatisation of the isomaltose sample 
produced two major peaks observed in the GC-MS chromatogram (Figure 4-
9) at 12.22 and 16.23 mins. Interpretation of the mass spectrometry data for 
the PMAA fragmentation linkage (Figure 2-10 & 2-11), it was found that the 
first peak was for 1,5-di-O-acetyl-(1-deuterio)-2,3,4,6-tetra-O-methyl glucitol, 
derived from a terminally linked hexose moiety (T-glucose), whereas the 
second peak at 16.23 min was identified as 1,5,6-tri-O-acetyl-(1-deuterio)-
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2,3,4-tri-O-methyl glucitol, derived from a 1→6 linked hexose moiety (1-6-
glucose). These are the linkage expected in isomlatose. 
 
Figure 4-9: GC-chromatogram represents the linkage pattern for the isomaltose. 
 
Figure 4-10: Mass spectrum for 1, 5-di-O-acetyl-(1-deuterio)-2, 3, 4, 6-tetra-O-methyl 
glucitol (T-Glucose) derived from the 12.20 min GC-peak (inset MS adapted from 
analysis of carbohydrates by GLC-MS)169 
Terminal (T-Glucose) 
1, 6-linked glucose 
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Figure 4-11: Mass spectrum for 1,5,6-tri-O-acetyl-(1-deuterio)-2,3,4-tri-O-methyl glucitol, 
alternatively denoted as a 1→6 linked glucose moiety (1→6 Glucose) derived from the 
16.23 min GC-peak. (inset MS adapted from analysis of carbohydrates by GLC-MS)169 
 
 
4.8 HPLC-MS analysis of sophorose and isomaltose 
 
       The molecular weight of the isolated sophorose was also confirmed using 
HPLC-HRMS analysis. The LC-chromatography detected one main 
compound and the total ion chromatogram of the main peak with a retention 
time (0.35 min) generated the ion at m/z= 365.106, which corresponded to the 
sodium salt [M+Na] + of the disaccharide sophorose as shown in (Figure 4-
12): 
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Figure 4-12: Total ion chromatogram, full mass spectrum and the correct formula 
matching for the isolated sophorose, (10). 
 
       The molecular weight of the isolated isomaltose was also determined 
using the HR-MS analysis method. The injection of isomaltose (100 ppm 
solution) into the ESI-MS source in +ve mode produced the mass spectra 
(Figure 4-13): 
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 Figure 4-13: Full mass spectra and the correct formula matching for the isolated 
isomaltose, (9). 
 
          From the mass spectrum, the expected mass ion was observed as the 
[M+Na] + ion at 365.1064 m/z, in addition, the [2M+Na] + ion at 707.2221 m/z 
was also observed, this indicated the presence of isomaltose. The mass of the 
neutral compound was determined to be 342.1187 m/z, with the mass 
difference= -7.28 ppm. The theoretical mass of the neutral compound was 
calculated to be 342.1162 m/z. 
 
4.9 Monitoring the base catalysed hydrolysis of sophorolipids 
 
         In an attempt to determine if sophorose was being produced by a base 
catalysed hydrolysis of the sophorolipid, an experiment was undertaken to see 
if sophorose was released from the acid form of the sophorolipid on heating 
with aqueous alkali. The acid form of the sophorolipid was chosen because of 
its solubility in aqueous alkali and because of the absence of acetyl-ester 
groups: the hydrolysis of which would consume base. The hydrolysis of the 
acid sophorolipids was conducted with aqueous alkali at a particularly mild 
hydroxide concentration to match the conditions used in the commercial 
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production of the acid sophorolipid (0.01 M, pH 12, 50 ºC). The method is 
described  in section 2.12. The reactions were monitored by HPAEC & NMR 
over a period of 24 h (Figure 4-14). 
       No reaction was observed by NMR, however, analysis of the HPAEC 
chromatographs (Figure 4-14, b) identified the rapid production of very small 
quantities of glucose, small quantities of sophorose and, a third peak which 
was identified as the C2-epimer of sophorose 2-O-β-D-glucopyranosyl-D-
mannose-explained in section 4.11.1. These three sugars were produced in 
the first three hours after which time no further reaction was observed and 
their combined peak area suggested that less than 0.5% of the starting 
material had been converted to sophorose.  
 
Figure 4-14: HPAEC chromatograms for (a) Acid and (b) sugar components form acid 
(3) hydrolysis after 90 mins. 
 
a 
 
 
 
 b 1, 2-Glc-man  
glucose  
mannose 
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       Based on the HPAEC-PAD results, and from the chromatogram of 
sample taken at specific times, it was possible to determine the amount of the 
three sugars obtained (nC*min) as a function of the reaction time (hydrolysis 
time in hours) (Figure 4-15).  
 
 
  Figure 4-15: Graph represents the alkaline hydrolysis of the acid sophorolipid acid (3) 
 
        It is clear that the reaction system reaches a state of equilibrium after 
approximately two hours of hydrolysis. The sophorolipids were not expected 
to undergo glycosidic bond cleavage under the relatively mild alkaline 
conditions employed and it is more likely that the sophorose produced is 
generated through the rapid hydrolysis of small quantities of the 
corresponding acetylated-sugars that are present as minor impurities in the 
starting acid but which don’t elute in the HPAEC experiment. The 
experimental result suggests that under moderately basic conditions 
hydrolysis of sophorolipids does not lead to the production of sophorose. 
4.10 Monitoring the acid catalysed hydrolysis of sophorolipids 
 
        The acid catalysed hydrolysis method was conducted in an attempt to 
recover both the lipid and glucolipid in order to be able to characterise the 
reaction system by NMR. Jourdier and Ben144 have reported that the acid 
catalysed the hydrolysis of sophorolipids generates a mixture of glucolipid, 
glucose and sophorose, however, they did not characterise either the 
glucolipid or the liberated lipid. The acid catalysed hydrolysis method was 
described in section 2.15.  
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        The purpose of treating the acid sophorolipid with the acid catalyst was 
to release the (ω-1) fatty acid from sophorolipids by hydrolysis, which could 
then be recovered by extraction with an organic solvent which can be easily 
separated from the aqueous phase. In our experiments, the only sugar 
containing a molecule that was found in the aqueous phase was glucose. 
After extraction of the aqueous only the (ω-1) fatty acid was recovered and 
this was subsequently used in an attempt to synthesise the glucolipid using 
the glycosylation reaction involving the substrate (2,3,4,6-tetra-O-acetyl-alpha-
D-glucopyranosyl bromide-see the next chapter).                          
       Following the conditions employed in (section 2.15), the hydrolysis allows 
to preferentially break the glycosidic bond between sophorose and the lipid 
chain, which results in the release of sophorose. However, in a greater or 
lesser extent depending on the experimental conditions, the released 
sophorose may also be hydrolyzed to two glucose molecules. The use of high 
concentration of sulphuric acid (2 M) in this experiment, led to the fast 
hydrolysis of sophorose into glucose. The acid hydrolysis mechanism of the 
acid sophorolipid is explained in scheme (Figure 4-16) below: 
 
 
Figure 4-16: Schematic diagram represents the acid hydrolysis mechanism of the acid 
sophorolipid, (3) 
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          The isolated (ω-1) fatty acid (lipid phase) was analysed using 1H- & 13C-
NMR spectra and was characterised as 17-hydroxyoctadecenoic acid. The 
1H-NMR spectrum (Figure 4-17, a & b) indicated the presence of two forms of 
the lipid, the free open chain and the lactonated form with a ratio of 1:2 
indicated by comparison of the integrals for the lipid H-17 protons. Thus, the 
NMR analysis of the hydrolysate obtained after the hydrolysis step confirmed 
that the isolated lipid is a 17-hydroxyoctadecenoic acid and no signs for any 
glucolipids were present in the hydrolyzate and this might be attributed to the 
high concentration of sulphuric acid (2 M) used in the experiment. 
 
 
Figure 4-17: Full 1H- and 13C-NMR spectra for the lipid; 17-Hydroxyoctadecenoic acid 
isolated from the acid catalysed hydrolysis of the acid sophorolipid acid, (3) 
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4.11 Isolation of the 2-O-β-D-glucopyranosyl-D-mannose, (11) 
 
         In order to identify the unknown peak observed during the alkaline 
hydrolysis of the acid sophorolipid, sophorose was reacted with an aqueous 
alkaline solution at different temperatures and the reaction was monitored by 
both HPAEC and NMR.  
 
4.11.1 Monitoring the stability of sophorose in aqueous alkaline solution 
(epimerization / hydrolysis) using the HPAEC-PAD 
 
         The disaccharide sophorose is also able to undergo an epimerisation 
reaction. The chemical reactivity of 1→2-linked glycosides such as sophorose 
is not very well understood. The treatment of the 1→3, 1→4 and 1→6-linked 
glycosides with aqueous alkali results in the observation of peeling reactions 
and small chain fatty acids including saccharinic acids.192-194  
         It was of interest to study the stability of sophorose in aqueous alkali as 
the process of peeling proceeds through enolisation and migration of the 
carbonyl carbon to C-2, this process is not possible in C-2-linked glycosides. 
Sophorose was treated with aqueous sodium hydroxide (100 mM, pH 13, 25 
ºC) (section 2.13). In this study, sophorose was converted to glucose-
mannose, i.e., epimerized at carbon C-2 to produce the glucose-mannose 
form.  Analysis by HPAEC-PAD was (Figure 4-18) used to follow this process.  
        The HPAEC chromatograms indicated the presence of two main 
carbohydrates at the start of the reaction: a late eluting peak corresponding to 
sophorose, small amount of an early eluting glucose peak and a third 
disaccharide peak, which was similar to that observed during the alkaline 
catalysed hydrolysis of the acid sophorolipid (Figure 4-14, b). These results 
were consistent with the epimerisation of the reducing sugar to form the 
corresponding 2-O-β-D-glucopyranosyl-D-mannose (11; Figure 4-18). 
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Figure 4-18: HPAEC chromatogram for the hydrolysis of sophorose, (10) in alkali 
solution (100 mM) after 5 h of reaction at 25 ºC. 
 
 
 
 
Figure 4-19: Schematic diagram representing the mechanism for the base catalysed 
interconversion of sophorose, (10) and 2-O-beta-D-glucopyranosyl-D-mannose, (11) 
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4.11.2 Monitoring the stability of sophorose in an aqueous sodium 
deuteroxide solution (epimerization / hydrolysis) using the 1H-NMR 
 
         The same hydrolysis process was also carried out, but using sodium 
deuteroxide, NaOD (100 mM) and NMR was used to study the conversion 
(epimerization) of sophorose into the 1→2-glucose-mannose form. It was 
possible to follow the epimerization/hydrolysis reaction using NMR 
spectroscopy. 1H-NMR spectra were recorded at different times and the 
reaction was allowed to proceed at 25 ºC (Figure 4-20) and deuterium was 
incorporated into the C-2 position during the course of the reaction. The 
production of 1→2-glucose-mannose was evident after 1h and then became 
obvious after 12 h of reaction as a new doublet peaks appeared at 4.3 ppm 
and 5.2 ppm, which confirms the conversion of sophorose into 1→2-glucose-
mannose. Those peaks became more intense after 24 h of reaction indicating 
that a significant proportion of the sophorose has been converted.  
         The mechanism for this epimerisation reaction (Figure 4-19) was first 
proposed by Lobry de Bruyn and Alberda van Ekenstein 194 and involves ring-
opening of the reducing glucose and base catalysed reversible enolate 
formation between C-2 and C-1. Reprotonation of the enolate anion on C-2 
can take place on either the top Re-face to regenerate glucose or from the 
bottom Si-face to generate mannose. At equilibrium and under the conditions 
employed in these experiments, the thermodynamically more favourable 
mannose epimer dominates. The NMR analysis of the reaction mixture 
indicated that deuterium exchange was occurring at the C-2 position of the 
starting material and that a second disaccharide was present in which the 
configuration of C-2 had inverted. These results were consistent with the 
epimerisation of the reducing sugar to form the corresponding 2-O-β-D-
glucopyranosyl-D-mannose, (11). 
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  Figure 4-20: 1H-NMR spectra for sophorose in alkaline solution (NaOD 0.1M) at different 
processing time recorded at 30 °C. 
        The partial epimerisation of sophorose has already been reported but the 
product 2-O-β-D-glucopyranosyl-D-mannose was not isolated and was not 
fully characterised. 195 The recorded NMR spectra above suggested that, 
under the conditions of the current experiments, 75% of the starting 
sophorose was converted to 2-O-β-D-glucopyranosyl-D-mannose. 
 
4.11.3 Epimerization of sophorose in hot aqueous alkaline solution in 
order to isolate the 2-O-β-D-glucopyranosyl-D-mannose using carbon: 
celite column 
 
       In an attempt to isolate the 2-O-β-D-glucopyranosyl-D-mannose, (11) from 
the sophorose epimerization reaction, a small quantity of sophorose (50 mg) 
was treated with aqueous alkali (100 mM, 60 ºC), (section 2.11). 
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      The progress of the reaction was monitored by withdrawing samples 
analysing these using HPEAC.  
       The experiment was carried out at 60 °C to accelerate the conversion to 
the 1→2-glucose-mannose. The HPAEC analysis (Figure 4-21) confirmed that 
the majority of the starting material had been converted to 2-O-β-D-
glucopyranosyl-D-mannose after 24 h, at which point the reaction was 
quenched by acidification with acetic acid. 
Figure 4-21: HPAEC chromatogram for the hydrolysis of sophorose in hot alkali 
solution (100 mM) after 8h of reaction at 60 ºC. 
 
         Using the HPAEC chromatograms, it was possible to study the time 
course of the epimerization reaction and to determine the relative amounts of 
the 2-O-β-D-glucopyranosyl-D-mannose and sophorose present at equilibrium.  
       The HPAEC results were plotted (peak area in nC*min versus time) (Figure 
4-22) and the ratio of 2-O-β-D-glucopyranosyl-D-mannose to sophorose was 
determined to be 1.75:1.00. 
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Figure 4-22: Graph represents the alkaline (0.01M) hydrolysis of the sophorose at 60 
ºC. 
         
       The resulting crude product containing the 2-O-β-D-glucopyranosyl-D-
mannose was then applied to a carbon: celite column and the new 
disaccharide was isolated by elution with aqueous ethanol (described in 
section 2.11). The product eluted as a single peak in 20% ethanol (Figure 4-
23) and after evaporation of the solvent, 2-O-β-D-glucopyranosyl-D-mannose, 
(11) was recovered as a white powder (10 mg). The HPAEC chromatogram 
showed a single peak at 10.78 min corresponded to the 2-O-β-D-
glucopyranosyl-D-mannose peak. 
 
 
Figure 4-23: HPAEC chromatogram for the pure isolated 2-O-β-D-glucopyranosyl-D-
mannose, (11).  
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        A series of 1D- & 2 D-NMR experiments were conducted to characterize 
the disaccharide’s structure. The 1H-NMR of 2-O-β-D-glucopyranosyl-D-
mannose indicated that the product was present as a pair of anomers (Figure 
4-24). It was observed that at 30 ºC in an aqueous D2O solution that 2-O-β-D-
glucopyranosyl-D-mannose, (11) exists as a mixture containing 77% of the 
alpha-anomer and 23% of the beta-anomer. The full assignment of the proton 
and carbons of the alpha anomer and for the protons of the beta-anomer (for 
the beta-anomer carbon signals were only visible for the anomeric signals) 
and the chemical shifts are listed in the (Table 4-2). It should be noted that the 
proton assignment for the anomeric glucose (H1′)-protons are different to 
those in the literature 183 (the values in the literature for the H1′-proton for 
alpha and beta may have been inverted).   
       In summary, when sophorose treated with aqueous alkali, it did not 
undergo either hydrolysis or a peeling reaction and instead underwent 
epimerisation at C-2 to generate 2-O-β-D-glucopyranosyl-D-mannose as the 
NMR and HPAEC results confirmed. 
 
Figure 4-24: 1H-NMR spectrum for the isolated 2-O-β-D-glucopyranosyl-D-mannose, (11) 
recorded at 30 °C. 
 
α-H1 
β-H1 
β-H1′ 
α-H1′ 
β-H2 
α-H2 
Ring protons 
HOD peak 
 128 
 
Table 4-2: Individual chemical shifts for protons and carbon signals (chemical shift, 
ppm) for 2-O-β-D-glucopyranosyl-D-mannose, (11) 
 
Sugar\Position for 
α-anomer H-1 H-2 H-3 H-4 H-5 H-6s C-1 C-2 C-3 C-4 C-5 C-6s 
Reducing 5.19 4.07 3.88 3.81 3.69 
3.93 & 
3.72 
92.3 78.6 69.6 72.4 67.2 60.7 
Non-reducing 4.51 3.34 3.49 3.43 3.41 3.83 101.9 72.9 75.6 76.0 69.6 60.4 
 
Sugar\Position 
for β-anomer 
H-1 H-2 H-3 H-4 H-5 H-6s C-1 
Reducing 4.88 3.99 3.68 3.55 3.41 ND 93.9 
Non-reducing 4.52 3.41 3.48 ND ND ND 104.1 
        
       The 1H-13C-HSQC-NMR spectrum confirms the identity of the isolated 2-
O-β-D-glucopyranosyl-D-mannose, (11), which shows the correlation between 
the protons and carbons signals. 
 
    Figure 4-25: Selected region of the HSQC-NMR spectrum of 2-O-β-D-glucopyranosyl-D-
mannose, (11). 
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4.12 Observation of an enzyme catalyzed hydrolysis of sophorolipids by 
spent fermentation broth 
 
       In order to study the possibility that the yeast C.bombicola releases an 
enzyme which has the ability to catalyse the hydrolysis of the gluco-lipid bond 
of sophorolipids, a sample of a fermentation broth (100 ml) recovered at the 
end of the fermentation process was supplied by Croda Biotechnology and 
was kept in a cold-room for 24 h before being used to test for the presence of 
enzyme activity that may hydrolyse sophorolipids (pH 3.5). The procedure for 
this experiment is described in section 2.14. It has previously been suggested 
that sophorolipids are metabolized by C.bombicola upon carbon starvation. 196  
       The activity was investigated using the lactone and acid sophorolipids. In 
separate experiments, both lactone and acid sophorolipid were added to the 
spent fermentation liquors recovered at the end of a large-scale fermentation, 
which had been filtered to remove any biomass. 
       The HPAEC results for the samples assayed after 24 h of incubation 
showed a number of different peaks each of which represented a sugar 
component, the use of the acid sophorolipid as a feedstock gave a 
chromatogram (Figure 4-26, b), which shows four components peak, at 8.50, 
10.99, 17.11 and the last peak at 22.03 min, which has the higher 
concentration in comparison to other components. Three of peaks had 
retention times which were close to the retention times of the glucose (8.10 
min), isomaltose (16.83) and sophorose (21.92 min) standards, except the 
peak at the retention time 10.99 min, which might be attributed to the 
presence of an unknown component (potentially glucolipid).  
       The lactone sophorolipid feedstock chromatogram (figure 2-26, d) also 
shows four main component peaks at 8.17, 10.35, 16.04 and the last peak 
was at 20.55 min, which is again similar to the retention time of the standards. 
These resulting chromatograms were compared with the lactone and acid 
sophorolipids HPAEC chromatograms (Figure 4-26, a & c). The amount of 
sophorose was higher when the acid sophorolipid was used as a substrate.  
 130 
 
       The results are consistent with the presence of an enzyme that is able to 
catalyse the hydrolysis of the acid form and which is able to release 
sophorose, in contrast, the product formed from the lactone form would be 
expected to be diacetylated-sophorose. The later result is consistent with the 
presence of an enzyme (s) which is capable of cleaving both of the 1→2-
glycosidic bond and the lipid-glycosidic bond. This enzyme catalysed the 
hydrolysis of the 1→2-glycosidic link would firstly, generate a gluco-lipid and a 
glucosyl-enzyme intermediate. If the glucosyl-enzyme intermediate is attacked 
by a water molecule this would generate glucose and release the enzyme. 
Attack by a second glucose molecule or a primary hydroxyl on the glucosyl-
enzyme intermediate would lead to the production of isomaltose and release 
the enzyme. Production of isomaltose requires the transferase activity of an 
inverting enzyme.  
       The observation of the hydrolysis of sophorolipids provided evidence for 
the possibility of the presence of an enzyme, which is responsible for the 
generation of sophorose and isomaltose during the production of 
sophorolipids. From these result, it can be concluded that there is an enzyme, 
which is capable of hydrolysing sophorolipids present in the fermentation 
broth at the end of sophorolipids production. 
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Figure 4-26: Use of HPAEC chromatography to monitor the enzyme catalysed 
hydrolysis of (a) SL-acid before treatment (b) SL-acid after treatment with spent 
fermentation liquors (c) SL-lactone before treatment (d) SL-lactone after treatment with 
spent fermentation liquors. 
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4.13 Conclusion 
 
           The valuable sugar β-1→2-linked disaccharide sophorose was isolated 
from the waste streams generated during the commercial manufacture of 
sophorolipids and characterized successfully as a pure white crystalline sugar 
in gram scale quantities and the chemical structure of sophorose and 
isomaltose was also fully elucidated using the combination of the NMR and 
HPAEC-PAD, which all confirmed the identity of these two disaccharides.  
 
           The base catalysed-hydrolysis of the acid sophorolipid was explored in 
an attempt to investigate the origin of the sophorose in the lactone waste 
streams. The treatment of sophorose with an aqueous alkaline solution led to 
the formation of the disaccharide 2-O-β-D-glucopyranosyl-D-mannose, (11) via 
the epimerisation, at C-2; however, sophorose did not undergo either 
hydrolysis or a peeling reaction. The disaccharide 2-O-β-D-glucopyranosyl-D-
mannose, (11) was clearly observed in the HPAEC and NMR results. 
Thereafter, the product was successfully isolated and its structure fully 
elucidated by NMR and HPAEC. 
 
           The results of adding sophorolipids to spent fermentation media during 
the starvation period of sophorolipid fermentation point towards the presence 
of an enzyme, which is able to hydrolyse sophorolipids. HPAEC analysis after 
24 h confirmed the presence of sophorose, isomaltose and glucose. The 
results were similar to those of the chemical hydrolysis when using the 
aqueous alkaline solution. 
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5. Synthesis of novel sophorolipids  
 
5.1 Enzyme-catalysed esterification reaction 
 
       The structural modification of natural sophorolipids facilitates the 
production of derivatives which have novel properties, including new biological 
activities and enhanced surface tension properties. In previous work, 91,93,168 
short to medium chain fatty acids/fatty acid esters have been attached to the 
C-6′ and C-6″ position on the sophorose moiety via a specific enzyme-
catalysed esterification reaction utilizing the Novozyme 435 lipase. The lipase 
can specifically re-acetylate the C-6′ and C-6″ positions on sophorose moiety. 
69,197 Sugar ester synthesis utilizing the Novozyme 435 lipase is based on 
esterification reactions catalysed by reversing their hydrolase activity. 
Esterification is a reversible reaction, hence the reaction by-product (water), 
which is generated in the media should be removed to shift the reaction 
equilibrium away from hydrolysis to obtain a maximum yield of the esterified 
sugar. 88 
5.2 Introduction to glycosylation 
  
      In 1901 Koenigs and Knorr 198 developed the chemical glycosylation 
reaction by reacting glycosyl halides as donors with normal acceptors 
(alcohol) in the presence of silver salts as catalytic activators (Ag2CO3 or 
Ag2O) (Scheme 22). These silver salts were used as catalysts (mild bases) for 
the purpose to scavenge the hydrogen halide side product, it was not clear 
until the early 1930s when it was realized that the catalytic activator plays an 
active role in facilitating the leaving group departure and therefore they are 
commonly used with O-glycosyl halides or O-glycosyl trichloroacetimidates. 
The activating agent is used in catalytic amount here is usually a Lewis acid. 
199 Some activators are soluble or insoluble in reaction solvents, which make a 
difference in whether the reaction system is homogenous or heterogeneous. 
Some widely used activators in O-glycosylation reaction are TMSOTf, 
BF3.OEt2, and NBS. 151,200-202 
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        The use of acid scavengers during the glycosylation reaction is important 
and necessary, especially when there is a risk of acid accumulation as the 
reaction progresses because the glycosidic bond is susceptible to acidic 
condition and might cleave/hydrolyse during the synthesis. Some of 
commonly used acid scavengers in glycosylation reactions include molecular 
sieves, tetramethylurea 151 and 2,6-tert-butyl-4-methylpyridine (TBMP). 203 
 
        Glycosides are considered as valuable compounds in biological systems, 
as a result, there is a huge amount of literature focused on their synthesis. O-
glycosides are synthesised via the activation of a glycosyl donor to assist in 
the formation of an oxocarbenium ion by assisted displacement of the 
anomeric leaving group. Various leaving groups have been developed and 
used in O-glycoside formation, consisting of halides, orthoesters, thioethers, 
carbonates, trichloroimidates, sulfones, phosphates and trichoroacetimidates. 
204,205 Upon activation of the glycosyl donor, a glycosyl acceptor hydroxy 
group adds to the electrophilic oxocarbenium ion to form the desired 
glycosidic bond. In order to form the required glycosidic bond with a desirable 
yield, all reactive nucleophilic groups (-OH) must be selectively protected on 
the glycosyl donor. Formation of the O-glycosidic bond may occur from either 
of the two faces of the oxocarbenium ion, resulting in two different anomers of 
the same product. In 1968, Koeppen 205 described the condensation of the 
tetra-O-acetyl-α-D-glucopyranosyl bromide with 1,3,4,6-tetra-O-acetyl-α-D-
glucopyranose in the presence of mercuric bromide / mercuric cyanide to 
obtain sophorose-octa-acetates (2-O-β-D-glucopyranosyl-D-glucose) and the 
product was isolated in low yield approximately 28% according to the method 
used. 
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        Later on in 1980, Takeo demonstrated the synthesis of the benzyl α and 
β-sophorosides (benzyl-2-O-β-D-glucopyranosyl-α/β-D-glucopyranosides) via 
the condensation of the methyl 4,6-O-benzylidene-α-D-glucopyranosides with 
2,3,4,6-tetra-O-acetyl-α-D-glucopyranosyl bromide using silver carbonate as 
an activator, this condensation reaction resulted in the formation of a β-(1-2-
linked) disaccharide derivatives. 206,207   
        There are some natural active glycosides and medical products, in which 
sophorose moiety is present. A number of natural products were isolated from 
semi-mangrove plants of the genus Acanthus. Examples of such products are 
the sophorose-containing glycosides; Ebracteatoside C, phenethyl glycoside 
and Zizybeoside I. These glycosides are utilized as anti-inflammatory and 
anti-hepatitis agents in traditional Chinese medicine. These were first isolated 
from A. ebracteatus 183 and A. ilicifolius 208 from Thailand and China in 2001. 
These natural products were chemically synthesised in 2012 by Hoffmann et 
al., 183 starting from the standard sophorolipids as a route to obtain sophorose 
as disaccharide and the synthesis involved converting the natural 
sophorolipids to the 2′′,3′,3′′,4′,4″,6′,6″-hepta-O-acetyl-α-D-sophoryl bromide 
through a series of chemical reactions. The later was reacted with benzyl 
alcohol or phenyl ethanol in the presence of silver carbonate and 
peracetylated glycosides were deprotected using sodium methoxide in 
methanol to furnish the Zizybeoside I and phenethyl glycoside.  
 
 
 
Figure 5-1: Sophorose-containing natural products 
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5.3 Synthesis and analysis of novel sophorolipids  
       
       This section discusses the analysis and structural characterization of a 
range of novel sophorolipids, which were synthesised using the enzyme-
catalysed trans-esterification reaction starting from the methyl ester 
sophorolipid as a substrate either with or without an acetylation reagent such 
as, vinyl acetate or vinyl butyrate.  
5.3.1 Structural analysis of the methyl ester, (4) and ethyl ester, (5) 
sophorolipids using NMR spectroscopy 
 
       Initially, the sophorolipid lactone, (2) was reacted with either sodium 
methoxide or sodium ethoxide in order to prepare the deacetylated and 
esterified acidic sophorolipids methyl ester (4) and ethyl ester, (5) both 
reactions proceeded smoothly and afforded the desired products in high yield. 
The products were soluble in anhydrous THF. The NMR spectra for the 
methyl ester sophorolipid, (4) were recorded at 500MHz. The sample was 
dissolved directly in CD3OD (600µl), whereas the spectra for the ethyl ester 
sophorolipid, (5) was recorded using DMSO-d6 as a solvent. 
5.3.1.1 Analysis of NMR-Spectra of the methyl ester derivative SL-Me, (4)  
 
 
       
      The NMR spectra can be compared with the 1H-NMR of the lactone 
sample in order to confirm that ring opening has occurred (esterification). 
From the SL-Me, (4) spectra (Figure 5-1), it is clear that the triplet peak at 
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(4.95-4.85 ppm, 1H) which was for the H-4" has shifted from its location in the 
lactone. 
       This confirms the lactone has ring opened and the formation of the methyl 
ester has occurred; the methyl ester peak is observed as a singlet at 3.65 
ppm, 3H, the spectra are confirming the removal of the acetyl groups which 
are usually observed around 2.1 ppm and this is accompanied by the 
movement of the H-6' & H-6" protons upfield. 
       In addition to the proton NMR spectra, the DEPT-135 NMR spectra were 
also used to assign resonances for the carbons and they further confirmed the 
formation of the desired product. The spectra (Figure 5-2, (a): SL-Lactone and 
(b): SL-Me) show a downfield shift of about 2.0 ppm in the resonance 
positions of both the C-6' and C-6" compared to the corresponding 
diacetylated lactone sophorolipid (a). In addition to the presence of the methyl 
ester group C(O)OCH3, which resonated at 51.4 ppm in the methyl ester 
spectrum. 
 
 
 
Figure 5-1: Comparison of the full 1H-NMR-spectra for (a) lactone, (2) and (b) the methyl 
ester, (4) sophorolipids. 
-CH9=CH10- H-4″ 
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Figure 5-2: DEPT-135 NMR spectra for (a) lactone, (2) and (b) the methyl ester, (4) 
sophorolipids. 
 
5.3.1.2 Analysis of NMR-spectra of the ethyl ester derivative, (5) 
 
 
        The 1H-, and 13C-NMR  data for  the ethyl ester derivative, (5) is fully 
explained in section 2.5.2. The 1H-NMR spectrum of the ethyl ester SL-Et, (5) 
(Figure 5-3) is very similar to that of the methyl ester; the only significant 
difference is that the appearance of the quartet peak at (4.18-4.05 ppm, 2H), 
which is assigned to the methylene group of the ethyl ester C(O)OCH2CH3. 
The absence of the H-4" triplet peak at (5.12-5.0 ppm, 1H), confirms the 
opening of the lactone ring. Another indication, which confirmed the 
esterification, is the presence of the methyl group C(O)OCH2CH3 as a triplet 
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peak at (1.18-1.22 ppm, 3H) as well as the absence of acetyl groups usually 
observed around 2.1 ppm in the lactone sophorolipid. 
Figure 5-3: Comparison of the 1H-NMR-spectra for (a) lactone, (2) and (b) the ethyl ester 
(5) sophorolipids. 
 
5.3.1.3 Analysis of NMR-Spectra of the 1′,6″-sophorolactone, (6), 1′,6"-
sophorolactone-6′-acetate, (7) and methyl ester-6′,6″-sophorose 
dibutyrate, (8) derivatives  
 
 
        The next molecule that was prepared as an intermediate in the trans-
esterification reactions was the1,6-cyclic lactones. The methyl ester was 
subjected to Lipase Novozyme 435 catalysed acylation in dry tetrahydrofuran 
(THF) to produce either the 1′,6″-sophorolactone in the absence of an 
acylating agent or, in the presence of vinyl acetate, to produce the 
monoacetylated 1′,6″-sophorolactone-6′-acetatem derivatives (6).  
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 141 
 
     The 1H- & 13C-NMR data for sophorolipid derivative 1′,6″-lactone, (6), 1′,6″-
sophorolactone-6′-acetate,(7) and the methyl ester-6′,6″-sophorose dibutyrate, 
(8) are explained in sections 2.6.1-2.6.3. The esterification reaction was highly 
regioselective, and exclusive acylation of the hydroxyl groups on C-6' and C-
6" took place. In the 1′,6″-sophorolactone, unlike the natural sophorolipids, the 
fatty acid carboxyl carbon is linked to the C-6″ hydroxyl, not the C-4″ hydroxyl. 
The subsequent acylation of this sophorolactone catalysed by Novozyme 435 
led to the formation of the C-6′ monoacetyl derivative i.e., esterification at the 
primary hydroxy. Comparison of the 13C-NMR assignment and the DEPT-135 
spectra for both 1′,6"-sophorolactone and the methyl ester sophorolipids 
(Figure 5-4) confirm the transformation was successful. The significant 
difference, which is noted from the sophorolactone spectrum (b), is the 
resonances of the C-6′ and C-6″ at (61.5 and 63.9 ppm) respectively, i.e., they 
are shifted downfield shift 2.0 ppm compared to the C-6″ in the corresponding 
methyl ester (a, spectrum). This showed clear evidence for the formation of 
the 1′,6″-lactone ring. Another difference is the disappearance of the methyl 
ester at (50.8 ppm) in the sophorolactone spectrum.  
 
 Figure 5-4: Comparison of the DEPT-135 Spectra for (a) methyl ester in CD3OD solvent, 
(4) and (b) 1′,6″-sophorolactone, (6) in CDCl3 solvent. 
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      Confirmation of the structure of the 1′,6″-sophorolactone-6′-acetate, (7) 
derivative was determined using 13C-NMR assignments (Figure 5-5). This 
derivative was synthesised via the lipase-catalysed esterification of the 1′,6"-
sophorolactone using Novozyme 435 and employing vinyl acetate as an 
acylating agent. The 13C-NMR-spectrum showed the presence of an 
additional carbonyl group resonating at 171.8 ppm, which was assigned to the 
acetate group on position C-6' on the sophorose moiety. The appearance of 
this peak confirms the acetylation on the C-6' position; this peak was absent in 
the 1′,6"-sophorolactone spectrum. In addition to the presence of the lactone 
carbonyl signal resonated at (173.2 ppm). 
 
 
Figure 5-5: Comparison of the 13C-NMR spectra for (a) 1′,6″-sophorolactone, (6) and (b)    
1′,6"-sophorolactone-6'-acetate, (7).  
 
        Furthermore, the DEPT-135 spectra (Figure 5-6) provides clear evidence 
that acetylation has occurred at C-6' of the sophorose: The C-6' signal (64.2 
ppm) has shifted about 2-3 ppm downfield in comparison with the position of 
both C6s in the corresponding 1′,6"-sophorolactone (61.5 and 63.9 ppm). The 
NMR data for the sophorolipid derivatives are consistent with the data 
reported for these derivatives by Bisht et al. 91-93 and this confirms the correct 
chemical synthesis of these derivatives. 
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Figure 5-6: Comparison of the DEPT-135 spectral region for (a) 1,6″-sophorolactone, (6) 
and (b) 1′,6"-sophorolactone-6'-acetate, (7). 
 
 
       
         Finally, the analysis of the structure of the methyl ester of the 6′,6″-
sophorose dibutyrate, (8) was also investigated using 13C-NMR assignments. 
This derivative was synthesised through the lipase-catalysed esterification of 
the methyl ester using Novozyme 435 and employing vinyl butyrate as the 
acylating agent. Again, the esterification reaction was highly regioselective, 
and exclusive acylation of the hydroxyl groups on C-6' and C-6" took place. 
Furthermore, the DEPT-135 spectra (Figure 5-7) shows clear evidence that 
the acetylation occurred on both C-6 positions of the sophorose moiety: The 
C-6s signal have shifted about 2.5 ppm downfield in comparison with their 
positions in the corresponding methyl ester (61.64 and 62.13 ppm).  
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Figure 5-7: Comparison of the DEPT-135 spectral region for (a) methyl ester, (4) and (b) 
methyl ester-6′,6"-sophorose dibutyrate, (8). 
 
       The HMBC–spectrum for methyl ester of the 6′,6″-sophorose dibutyrate, 
(8) (Figure 5-8) shows long-range coupling and the correlation between the 
protons H-6S (4.35-4.40 ppm) with the methylene group -CH2- (2.24 ppm) 
close to the carbonyl in the vinyl butyrate (174.08-174.36 ppm). In addition, 
the two new carbonyl groups, which resonate at 174.08-174.36 ppm show a 
long-range coupling to the sophorose C6s-H-2 butyrate. 
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 Figure 5-8: 1H-13C–HMBC-spectrum for methyl ester-6′,6"-dibutyrate, (8) 
5.4 Analysis of FT-IR spectra of sophorolipid derivatives  
  
        The chemical structures of sophorolipid derivatives were also investigated 
using FT-IR. The procedure used was as discussed in the experimental 
section 2.3.2.  The FT-IR spectra for the methyl ester, (4) and ethyl ester, (5) 
sophorolipids were compared with that for the lactone form (Figure 5-9, a, b & 
c). The stretching absorption of the hydroxyl groups was observed at 3324 
cm-1 as a broad band, whereas the asymmetrical and symmetrical stretching 
of methylene (-CH2-) occurred at 2924-2854 cm-1 as medium bands. The C=O 
stretching absorption band for the lactone (Figure 5-9, c) appeared as a 
strong band at 1744 cm-1 with a small shoulder assigned for the acetate 
groups on the C6s; this band was less intense and the small shoulder was 
absent for the methyl (Figure 5-9, b) and ethyl (Figure 5-9, a) ester forms 
confirming the deacetylation (alcoholysis). The 1651 cm-1 weak stretching 
absorption band for the alkene (-CH=CH-) in the lactone form was shifted to 
1591&1573 cm-1 for the ethyl and methyl ester forms and this shift in the 
absorption minima was found to be indicative of lactone ring opening. It is also 
clear that the broad band at 1234 cm-1 for the acetyl (-C-O-) stretching in the 
lactone, is assigned for the acetate groups on the (C6' & C6") positions; this 
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band was weaker or had disappeared in the methyl and ethyl ester forms, 
confirming the de-acetylation on the C6 positions.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-9: Comparison of FT-IR spectra for sophorolipids: (a) ethyl ester, (b) methyl 
ester and (c) lactone. 
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          The FT-IR spectra for derivatives methyl ester of the 6′,6″-sophorose 
dibutyrate, (8), 1′,6″-sophorolactone-6′-acetate, (7) and 1′,6″-sophorolactone, 
(6) were also compared with that of the starting methyl ester derivative (Figure 
5-10, a, b & c). The (C=O) absorption band for both methyl ester-6ʹ,6ʺ-
sophorose dibutyrate and 1′,6″-sophorolactone-6′-acetate (spectra, a & b) 
appeared as a sharp band at 1736 & 1731 cm-1 with an obvious small 
shoulder, at 1722 & 1698 cm-1 for the dibutyrate and acetate groups on 
position C6′ & C6ʺ, this band was less intense for the methyl ester 
sophorolipid at 1740 cm-1 and 1727 cm-1 for the 1′,6″-sophorolactone 
(spectrum, c) and the shoulder has disappeared confirming the absence of the 
acetate groups on the C6 positions, further evidence supporting the 
deacetylation is the absence of the broad band at 1238 cm-1 for the acetate (-
C-O-) stretching, which is clearly seen in the 1′,6″-sophorolipid-6′-acetate 
spectrum, this band is for the acetate group (O)COCH3 on the C6' position 
and it confirms the esterification on this position and the formation of the 1′,6″-
sophorolactone-6′-acetate.  
          It is clear (spectrum, a) for methyl ester-6ʹ,6ʺ-sophorose dibutyrate that 
the broad band at 1255 cm-1 for the (-C-O-) stretching in this derivative, is 
assigned for the dibutyrate groups on the (C6' & C6") positions; this band was 
weaker or had disappeared in the methyl ester form.  
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Figure 5-10: Comparison of FT-IR spectra for sophorolipids: (a) methyl ester-6ʹ,6ʺ-
sophorose dibutyrate, (b) 1′,6″-sophorolactone-6′-acetate, and (c) 1′,6″-sophorolactone. 
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5.5 NMR spectral analysis of novel sophorolipids  
         
       This section focuses on the NMR, FT-IR and HPLC-MS analysis of novel 
sophorolipids, which were synthesised starting from sophorose as a substrate 
via the chemical synthesis pathway utilizing the glycosylation coupling 
reaction of Koenigs and Knorr. The coupling reaction is between the 
2′′,3′,3′′,4′,4″,6′,6″-hepta-O-acetyl-α-D-sophoryl bromide (glycosyl donor) and 
using different fatty alcohols as the aglycon (glycosyl acceptors). 
 
5.5.1 NMR analysis of 1′, 2′′, 3′, 3′′, 4′, 4″, 6′, 6″-octa-O-acetyl-β-D-
sophorose, (12) 
 
 
      The first step in the synthesis of novel sophorolipids required the 
peracetylation of sophorose and this was performed using a mixture of acetic 
anhydride and sodium acetate (scheme 9). The 1H-NMR spectrum of the 
product β-D-sophorose octaacetate (Figure 5-11) confirmed the presence of 
the eight acetate groups and the synthesis of the β-anomer (J1,2 = 8.08 Hz). 
145,146 The reaction conditions afforded the product as a single β-anomer with 
a good yield (78.7%). All protons are labelled on the spectrum. The anomeric 
protons H-1ʹ resonated at 5.65 and H-1ʺ at 4.55 ppm respectively; there was 
no evidence for any contaminating -anomer. The FT-IR data further 
confirmed the chemical structure of the product: the absence of the broad 
band of the hydroxyl groups at 3332-3377 cm-1 and the presence of a strong 
band observed at 1740 cm-1 which is assigned for the acetyl ester groups. 
The HPLC-MS (TIC) chromatogram showed a single peak, derived from the 
ammonium adduct [M+NH4]+ , which had the mass ion m/z= 696.2345.  
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This is the expected mass for the product, which was calculated to be m/z= 
678.2345, (Literature value, m/z=678.5892). 209 
 
 
 
 
 
 
 
 
 
Figure 5-11: Full 1H-NMR spectrum for β-D-sophorose octaacetate, (12) 
 
5.5.2 NMR analysis of 2′′,3′,3′′,4′,4″,6′,6″-hepta-O-acetyl-α-D-sophoryl 
bromide, (13)  
 
 
       In activating the substrate for coupling, the β-D-sophorose octa-acetate, 
(12) was treated with HBr in acetic acid. The aim was to substitutes a bromine 
as a good leaving group (glycosyl donor) on the anomeric carbon C-1′, which 
could then be reacted with a fatty alcohol chain in a glycosylation coupling 
reaction.  
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        The 1H-NMR spectrum for hepta-O-acetyl-α-bromo-D-sophorose (Figure 
5-12) is very different to that for the starting material. From the 1H-NMR 
spectrum, it is clear that the bromination reaction has occurred on the 
reducing end: the anomeric proton (α-H-1′, J1,2 = 4.0 Hz) peak has shifted 
from 5.65 ppm to 6.42 ppm in the hepta-O-acetyl-β-bromo-D-sophorose 
spectrum. This shift and the reduction in the coupling constant confirmed the 
substitution of bromine and the formation of the α- anomeric. 149,150 The seven 
acetate groups resonated at 1.9-2.3 ppm, which has an integration of 20.99 
indicating the absence of the eighth acetate group.  
        The 13C-NMR spectrum for hepta-O-acetyl-α-bromo-D-sophorose (Figure 
5-13) also shows a downfield shift of 6 ppm in the position of the reducing 
sugars anomeric C-1ʹ, which resonates at 86 ppm compared to the anomeric 
C-1′ for the sophorose octaacetate that was found to resonate at 92 ppm. The 
NMR data obtained is consistent with the data reported by Hoffmann 183. 
Using the reaction conditions employed, the product afforded mostly a single 
α-anomer having an 82% anomeric purity and a 77.2% yield. The FT-IR 
spectrum of the product is similar to that of the starting material, except the 
presence of the band for C-Br bending which appeared as a sharp small band 
at 551.7 cm-1, this band was absent in the spectrum of the starting material. 
This band is consistent with the bromination of β-D-sophorose. 210 
        The mass spectrum of the bromide provided a molecular ion as both a 
sodium adduct [M+Na]+ at m/z= 721.0936 and as an ammonium adduct 
[M+NH4]+ at m/z= 716.1385. The mass for the neutral compound was 
determined to be 698.1045 m/z, whereas the theoretical mass was calculated 
to be 698.1058 m/z with a mass difference 1.3 ppm. This was the correct 
mass, which matches the expected chemical formula (C26H35O17Br) for the 
product. 
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Figure 5-12: Full 1H-NMR spectrum of 2′′,3′,3′′,4′,4″,6′,6″-hepta-O-acetyl-α-D-sophoryl 
bromide, (13)  
 
Figure 5-13: Comparison between the DEPT-135 spectra of β-D-sophorose octaacetate, 
(12) and 2′′, 3′, 3′′, 4′, 4″, 6′, 6″-hepta-O-acetyl-α-D-sophoryl bromide, (13)  
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5.5.3 NMR analysis of oleyl 2″, 3′, 3″, 4′, 4″, 6′, 6″-hepta-O-acetyl-β-D-
sophoroside, (14) 
 
 
       Attempt to synthesize sophorolipids following the chemical pathway was 
conducted successfully. The Koeings-Knorr reaction was followed to prepare 
a variety of O-glycosides. The heptaacetylated β-oleyl-D-sophoroside, (14) 
was prepared following the coupling of hepta-O-acetyl-β-bromo-D-sophorose, 
(13) as the glycosyl donor and with the fatty alcohol as a glycosyl acceptor; 
utilizing silver oxide as an activator (promoter) to form the new glycoside.                            
      The stereochemistry of the coupling generates a 1,2-trans product as a 
consequence of neighbouring group participation. After recrystallization from 
methanol, the 1H-NMR spectrum (Figure 5-14) shows that the anomeric 
proton H-1′ (J1,2 = 7.7 Hz) has shifted downfield to resonate at 4.85 ppm and it 
is close to the anomeric proton H-1″ (J1,2 = 7.9 Hz) at 4.90 ppm. The alkene 
protons H-C=C-H resonate at 5.42 ppm and the integration confirms 2 
protons. The methylene group immediately adjacent to the newly formed 
glycosidic linkage resonates at 3.75 ppm and the seven strong acetyl signals 
resonate at 1.95-2.2 ppm. The area below 1.8 ppm contains resonances that 
can be assigned for the octadecene lipid methylene protons and the C-18 
methyl group. The DEPT-135 NMR (Figure 5-15) show that both the anomeric 
C-1′ & C-1″ resonate between 102-103 ppm and it is clear that the anomeric 
C-1′ has a downfield shift of about 16 ppm compared to its position in the 
bromide, which resonated at 86 ppm. This is clear evidence that the coupling 
has occurred. In addition, the lipid metheylene-CH2- attached to the glycosidic 
oxygen has also shifted and resonates at 69 ppm as shown in the DEPT-135 
spectrum. The product yield was 64.4 %.  
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Figure 5-14: Full 1H-NMR spectrum of oleyl 2ʺ, 3′, 3′', 4′, 4′', 6′, 6′'-hepta-O-acetyl-β-D-
sophoroside, (14) 
 
Figure 5-15: Comparison between the DEPT-135 NMR spectra of hepta-O-acetyl-α-D-
sophoryl bromide, (13) and oleyl 2ʺ, 3′, 3′', 4′, 4′', 6′, 6′'-hepta-O-acetyl-β-D-sophoroside, 
(14) 
        The FT-IR spectrum of the product confirmed the presence of the fatty 
alcohol. The asymmetrical and symmetrical stretching of methylene (-CH2-) 
for the oleyl alcohol chain occurred at 2924-2854 cm-1 as strong bands, 
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another significant evidence for successful coupling is that the C-Br band was 
absent from the oleyl 2ʺ, 3′, 3′', 4′, 4′', 6′, 6′'-hepta-O-acetyl-β-D-sophoroside. 
The accurate mass of the product was determined using a direct injection 
method. The mass spectrum obtained shows the expected molecular ion as 
its ammonium adducts [M + NH4] + ion at 904.4894 m/z. The mass of the 
neutral compound was determined to be 886.4553 m/z and the theoretical 
mass of the neutral compound was calculated to be 886.4562 m/z. The mass 
difference was = 1.07 ppm. This was the correct mass, which matches the 
expected formula (C44H70O18) for the compound. To our best knowledge, this 
is the first time the synthesis of this molecule has been reported and no 
literature data is available. 
5.5.4 NMR analysis of oleyl-β-D-sophoroside, (15) 
 
 
          In order to isolate the parent sophorolipid, the product hepta-O-acetyl-β-
oleyl-D-sophorose (14) was subjected to de-esterification by treating with 
sodium methoxide in methanol. The aim was to hydrolyse the acetate groups 
and to prepare the free sophorolipid. Comparing the 1H-NMR spectra (Figure 
5-16) of the starting material oleyl 2ʺ, 3′, 3′', 4′, 4′', 6′, 6′'-hepta-O-acetyl-β-D-
sophoroside and that of the deacetylated product oleyl-β-D-sophoroside 
confirms that deacetylation has taken place and the formation of the product 
as a single β-anomer. The spectra are similar, except within the area 1.95-
2.22 ppm where the seven acetyl signals were originally observed. It can be 
clearly seen that these signals were absent in the oleyl-β-D-sophoroside 
spectrum. 
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Figure 5-16: Comparison between 1H-NMR spectra for oleyl-β-D-sophoroside (15) oleyl 
2ʺ, 3′, 3′', 4′, 4′', 6′, 6′'-hepta-O-acetyl-β-D-sophoroside, (14) 
          
       The 13C-NMR spectra (figure 5-17) further confirms the success of the 
alcoholysis reaction as the acetate groups, which previously resonated at 170-
174.5 ppm have disappeared from the carbon spectrum of the β-D-oleyl 
sophorose. The product yield was 70.10 %.  
 
     Figure 5-17: Comparison between 13C-NMR spectra for (a) oleyl 2ʺ, 3′, 3′', 4′, 4′', 6′, 6′'-
hepta-O-acetyl-β-D-sophoroside and (b) (14) oleyl-β-D-sophoroside (15)  
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       A comparison of FT-IR spectra (figure 5-18) for oleyl 2ʺ, 3′, 3′', 4′, 4′', 6′, 
6′'-hepta-O-acetyl-β-D-sophoroside, (14) and oleyl-β-D-sophoroside,(15) 
suggests that the product was produced during the alcoholysis, the spectrum 
(Figure 5-18, b) clearly shows a broad band around 3433-3377 cm-1 
corresponding to the O-H stretching for the hydroxyl O-H groups after the de-
esterification as well as the disappearance of the C=O stretching band at 
1740 cm-1, which is assigned for the acetyl groups (Figure 5-18, a). 
 
Figure (5-18): Comparison of FT-IR spectra for (a) oleyl 2ʺ, 3′, 3′', 4′, 4′', 6′, 6′'-hepta-O-
acetyl-β-D-sophoroside, (14) and (b) oleyl-β-D-sophoroside, (15).  
       
       The molecular weight of oleyl-β-D-sophoroside was determined using the 
direct injection method. The mass spectrum contained the expected molecular 
ion as the ammonium adduct [M+NH4] + at m/z = 610.4153. The mass of the 
neutral compound was determined to be 592.3816 and the theoretical mass of 
the neutral compound was calculated to be 592.3823. The mass difference 
was 1.08 ppm. This was the correct mass, which matches the expected 
formula (C30H56O11) for oleyl-β-D-sophoroside. To our best knowledge, this is 
the first time the synthesis of this product has been reported and no literature 
data is available. 
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5.5.5 NMR analysis of stearyl 2ʺ, 3′, 3ʺ, 4′, 4ʺ, 6′, 6ʺ-hepta-O-acetyl-β-D-
sophoroside, (16) 
 
 
        
        The product was prepared by coupling the hepta-O-acetyl-β-bromo-D-
sophorose (13) with stearyl alcohol utilizing silver oxide as a promoter to form 
the new sophorolipid. After recrystallization from methanol, the 1H-NMR 
spectrum (Figure 5-19) shows that the anomeric proton H-1′ (J1,2= 7.9 Hz) has 
shifted downfield to resonate at 4.45 ppm and its close to the other anomeric 
proton H-1″ (J1,2= 8.0 Hz) at 4.35 ppm. The methylene group immediately 
adjacent to the glycosidic linkage resonates at 3.65 ppm, the seven acetyl 
signals resonate between 1.95-2.2 ppm. Signals resonating in the area below 
1.8 ppm are assigned to the lipid C-18 methylene protons and the methyl 
group. 
 
 Figure 5-19: Full 1H-NMR spectra for stearyl 2′', 3′, 3′', 4′, 4′', 6′, 6′'-hepta-O-acetyl-β-D-
sophoroside, (16). 
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        The DEPT-135 NMR-spectra (Figure 5-19) show that both the anomeric    
C-1′ & C-1″ resonate between 100-101 ppm and it is clear that the anomeric    
C-1′ has shifted about 12 ppm compared to its position in the bromide, where 
it resonated at 87 ppm. In addition, the lipid metheylene-CH2-attached to the 
glycosidic oxygen has also shifted and resonates at 64 ppm as indicated in 
the DEPT-135 spectrum. According to the reaction conditions used, the 
product has been generated as a mixture of anomers and the α/β-anomeric 
ratio is 36.5 / 63.5% and the overall yield is 76.5%. To our best knowledge, 
this is the first time the synthesis of this molecule has been reported. 
 
 Figure 5-19: Comparison between the DEPT-13 NMR spectra for (a) hepta-O-acetyl-α-D-
sophoryl bromide and (b) stearyl 2′', 3′, 3′', 4′, 4′', 6′, 6′'-hepta-O-acetyl-β-D-sophoroside, 
(16). 
        The FT-IR spectrum of the product was compared with that of the 
starting material. The spectrum is very similar to that observed for oleyl-hepta-
O-acetyl-β-D-sophoroside spectrum; the C-Br absorption band was absent 
which confirms the coupling between the sophorose bromide and the stearyl 
alcohol. The molecular weight was also determined and the mass spectrum 
shows the expected molecular ion was observed as the ammonium adduct 
[M+NH4] + ion at m/z= 906.5047. The mass of the neutral compound was 
determined to be 888.4703 m/z and the theoretical mass of the neutral 
compound was calculated to be 888.4719 m/z. The mass difference was 1.71 
ppm. This was the correct mass, which matches the expected formula 
(C44H72O18) for the stearyl 2″,3′,3″,4′,4″,6′,6″-hepta-O-acetyl-β-D-sophoroside.  
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5.5.6 NMR analysis of 2″, 3′, 3″, 4′, 4″, 6′, 6″-hepta-O-acetyl-α/β-D-
sophorose  
 
 
        
       The product hepta-O-acetyl-α-bromo-D-sophorose was reacted with UPW 
to convert the bromide group on the anomeric C-1′ position to a hydroxyl 
group, which was required for further reaction with palmitoyl chloride to 
produce new sophorolipids. Again, the chemical structure of the product was 
characterized using 1-D and 2-D-NMR. The 1H-NMR spectra (Figure 5-20) 
show that the anomeric H-1′ signal has shifted from 6.42 ppm in the hepta-O-
acetyl-β-bromo-D-sophorose spectrum (Figure 5-20, a) to 5.37 ppm in the 1H-
NMR spectrum (Figure 5-20, b) of the product. This shift confirmed the 
substitution of OH group on the anomeric H-1′ position.  
 
 Figure 5-20: Comparison between 1H-NMR spectra of hepta-O-acetyl-α-D-sophoryl 
bromide, (13) and hepta-O-acetyl-α/β-D-sophorose, (17)   
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      Analysis of the 1H-13C-HSQC-NMR spectrum (Figure 5-21) confirmed the 
that the product contains mostly the α-anomer and only a very small amount 
of the -anomer: the α-anomeric H-1′ resonates at 5.37 ppm (J1,2 = 3.3 Hz) 
and a very small amount of the -anomeric H-1′ resonates at 4.96 ppm, 
whereas the β-anomeric H-1″ resonates at 4.72 (J1,2 = 7.06 Hz) and -
anomers H-1′′ which is beta-linked resonates at 4.64 (J1,2 = 7.9 Hz). The 
carbon spectrum also identified that there is around 95% of the alpha isomer. 
The -signals are very small peaks which are visible in the 1H-NMR spectra, 
but are not visible in the 13C-NMR-spectrum. It should also be expected that 
mutarotation would provide both anomers in solution. The product yield is 
approximately 83.6 %. 
 
     Figure 5-21: 1H-13C-HSQC-NMR for 2′', 3′, 3′', 4′, 4′', 6′, 6′'-hepta-O-acetyl-α/β-D-
sophorose, (17)  
 
         The FT-IR spectrum for hepta-O-acetyl-α/β-D-sophorose confirms the 
presence of a new stretching band for the hydroxy group O-H occurred at 
3239.9 cm-1, whereas this peak is absent in the starting material’s spectrum 
indicating the addition of the OH group on the anomeric C-1′ position on the 
sophorose moiety.  
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        The stretching absorption band for C=O appeared at 1742 cm-1. Also, the 
C-Br band was absent from the product, which confirms the substitution of 
bromide with a hydroxyl group.  
        Finally, HPLC-MS was also used for the analysis of the hepta-O-acetyl-
α/β-D-sophorose and the major peak in the HPLC chromatogram at (2.589-
2.817min) is that for the desired compound. The total ion chromatogram for 
the main peak was for the sodium adduct of the product [M+Na] + ion at m/z = 
659.1794. The mass of the neutral compound was determined to be m/z= 
636.1885 and the theoretical mass of the neutral compound was calculated to 
be m/z = 636.1902 with the measured mass difference of 2.57 ppm. This was 
the correct mass for the compound 2′′, 3′, 3′′, 4′, 4″, 6′, 6″-hepta-O-acetyl-α/β-
D-sophorose. To the best of our knowledge, this is the first time the synthesis 
of this compound has been reported. 
      
5.5.7 NMR analysis of 2″, 3′, 3″, 4′, 4″, 6′, 6″-hepta-O-acetyl-1ʹ-O-
palmitoyl- β-D-sophoroside  
 
 
          
      The 2″, 3′, 3″, 4′, 4″, 6′, 6″-hepta-O-acetyl-1ʹ-O-palmitoyl-β-D-sophoroside 
was prepared following the reaction of the hepta-O-acetyl-α/β-D-sophorose 
with palmitoyl chloride in the presence of pyridine to form a new sophorose 
glycoside. The chemical structure of the product was also characterized using 
1-D and 2-D-NMR. 
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          The 1H-NMR spectrum (Figure 5-22) shows that the anomeric H-1′ 
signal has shifted from 5.35 ppm in the starting material to 5.68 ppm in the 
new product: the shift confirmed the addition of the palmitoyl group on the 
anomeric C-1′ position.   
         The H-1′ resonates at 5.68 ppm and the J1,2 coupling constant (8.2 Hz) 
indicates that the -anomer has been preferentially formed, the β-H-1″ (J1,2= 
7.8 Hz) resonates at 4.52 ppm. The product was obtained as a β-anomer in 
70.3 % yield. 
 Figure 5-22: Full 1H-NMR spectrum for 2″, 3′, 3″, 4′, 4″, 6′, 6″-hepta-O-acetyl-1ʹ-O-palmitoyl-β-
D-sophoroside, (18) 
     
       Inspection of the 1H-13C-HMBC-NMR spectrum (Figure 5-23) confirmed 
the formation of the new glycoside as there is a correlation between the 
methylene -CH2- in the lipid chain (Sugar-O-CO-CH2-) and the anomeric C-1′ 
through the carbonyl of the palmitoyl chain.  
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  Figure 5-23: 1H-13C-HMBC-NMR for 2″, 3′, 3″, 4′, 4″, 6′, 6″-hepta-O-acetyl-1ʹ-O-palmitoyl-β-D-
sophoroside, (18) 
      
          Furthermore, the FT-IR spectrum for the product contains a sharp 
stretching absorption band for the acetyl C=O groups at 1740 cm-1 in addition 
to the shoulder at 1703 cm-1, which is assigned for the palmitoyl C=O. The 
absence of the hydroxy group O-H band at 3239.9 cm-1 which was present in 
the starting material suggests the reaction was successful.  
         The molecular weight of the product was determined and the mass 
spectrum shows the expected molecular ion as the ammonium adduct [M+ 
NH4]+ at 892.4545 m/z as the major signal. The mass of the neutral compound 
was determined to be 874.4208 m/z and the theoretical mass of the neutral 
compound was calculated to be 874.4198 m/z. The mass difference was 
equal to 1.09 ppm and, therefore, this matches the expected formula 
(C44H72O18) for the 2′′,3′,3′′,4′,4″,6′,6″-hepta-O-acetyl-α/β-D-sophorose. To the 
best of our knowledge, this is a new compound, which has not previously 
been reported. 
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5.5.8 NMR analysis of 2′', 3′, 3′', 4′, 4′', 6′, 6′'-hepta-O-acetyl-α-(4-
nitrophenyl)-D-sophorose  
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       In the next experiment, an attempt was made to add an activated 
chromophore to sophorose via a glycosidic bond, to generate a molecule 
which could be used to identify enzymes capable of hydrolysing sophorolipids. 
The β-D-sophorose octaacetate, (12) was reacted as a glycosyl donor, 
employing 4-nitrophenol as the acceptor and using boron trifluoride etherate 
as a catalyst. The aim was to prepare an enzyme substrate via substituting a 
nitrophenol ring as a good leaving group and as a chromophore on the 
anomeric carbon C-1′, specifically for use in the detection of enzyme activity in 
the fermentation liquors as described in section 2.18. The BF3: OEt2 used in 
the synthesis is a Lewis-acid catalyst, which potentially is capable of promoting 
the stereoselective formation of the α-anomer. 154-156 
           The chemical structure of the product was elucidated using 1D- & 2-D-
NMR. The DEPT-135 NMR spectra (Figure 5-24) for the starting material and 
the product show that the anomeric C-1′ signal has shifted from 91.51 ppm in 
the starting material β-D-sophorose octaacetate, to 97.20 ppm in the new 
product, this is a downfield shift of 6 ppm. This shift confirmed the coupling of 
the 4-nitrophenol on the anomeric C-1′ position.  
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Figure 5-24: Comparison between the DEPT-135 NMR spectra of (a) β-D-sophorose 
octaacetate, (12) and (b) hepta-O-acetyl-α-(4-nitrophenyl)-D-sophorose, (19) 
 
         The 1H-13C-HSQC-spectrum of the product (Figure 5-25) confirmed the 
formation of the alpha isomer. The anomeric signals α H-1′ & β H-1″ resonate 
at 5.73 ppm (J1,2 = 4.01 Hz, α-H-1′) and 4.68 ppm (J1,2 = 8.0 Hz, β-H-1′′) 
respectively and show correlations with the anomeric carbon signals C-1″ & 
C-1′ at 101.40 and 97.00 ppm respectively. Crystallisation from ethanol 
afforded the α-anomeric product in 70 % yield. 
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Figure 5-25: 1H-13C-HSQC-NMR for 2″,3′,3″,4′, 4″, 6′, 6″-hepta-O-acetyl-α-(4-nitrophenyl)-
D-sophorose  
 
        The FT-IR spectrum of the product confirmed the presence of the 
aromatic C-H stretching band for the nitrophenol ring at 3119-3084 cm-1 as 
sharp bands, at the same time the strong absorption band occurred at 1738 
cm-1 is from the C=O stretching vibration of the acetyl ester groups. The 
medium absorption bands visible at 1593 & 1519 cm-1 were for the stretching 
of the aromatic -CH=CH- group. The strong C-O absorption band for acetyl 
esters was observed at 1240 cm−1.  
        Finally, the molecular weight of the hepta-O-acetyl-α-(4-nitrophenyl)-D-
sophorose was determined. The mass spectrum shows the expected 
molecular ion as the ammoniums adduct [M+NH4] + ion at 775.2397 m/z as 
the major ion. The mass of the neutral compound was determined to be 
757.2061 m/z and the theoretical mass of the neutral compound was 
calculated to be 757.2065 m/z. The mass difference is equal to -0.59 ppm. 
This was the correct mass, which matches the expected formula (C32H39O20) 
for the product. To the best of our knowledge, this is a new compound, which 
has not reported in the literature. 
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5.5.9 Removal of protecting groups and production of 4-nitrophenyl-α-D-
sophoroside, (20) 
 
 
 
            The final step in the synthesis required the removal of the protecting 
groups and the preparation of -(4-nitrophenyl)-D-sophorose which was 
synthesised in an attempt to prepare a substrate for the enzyme. The 
procedure involved simple deacetylation using a catalytic amount of sodium 
methoxide in methanol. The 13C-NMR spectra de-acetylated product (20) was 
recorded and compared with that of the starting material (19), the spectrum of 
the product (Figure 5-26) show the absence of the acetyl groups (resonating 
around 170-173 ppm in the starting material). The product as produced as a 
single α-anomer in 70.0 % yield.  
Figure 5-26: Comparison between 13C-NMR spectra of (a) hepta-O-acetyl-α-(4-nitrophenyl)-
D-sophorose, (19) and (b) 4-nitrophenyl-α-D-sophoroside, (20). 
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        A comparison of the FT-IR spectra (figure 5-27) for the hepta-O-acetyl-α-
(4-nitrophenyl)-D-sophorose and for 4-nitrophenyl-α-D-sophoroside, suggests 
that the α-anomer was produced during the alcoholysis, the spectrum (Figure 
5-27, b) clearly shows a broad absorption band around 3433-3307 cm-1 
corresponding to the O-H stretching for the hydroxyl O-H groups on 
sophorose and the absence of the C=O stretching band at 1738 cm-1, which is 
assigned for the acetyl groups in case of hepta-O-acetyl-α-(4-nitrophenyl)-D-
sophorose FTIR spectrum (Figure 5-27, a). In addition to the presence of the 
C-O stretch band for C-O-H groups of sugar (sophorose moiety) is observed 
at 1052-1029 cm−1. 
 
Figure (5-27): Comparison of FT-IR spectra for (a) hepta-O-acetyl-α-(4-nitrophenyl)-D-
sophorose, (19) and (b) 4-nitrophenyl-α-D-sophoroside, (20)  
       
       The molecular weight of the de-acetylated 4-nitrophenyl-α-D-sophoroside 
was determined by direct insertion MS. The mass spectrum shows the 
expected molecular ion as the sodium adduct [M+Na]+  at 486.1225 m/z. The 
mass of the neutral compound was determined to be 463.1332 m/z and the 
theoretical mass of the neutral compound was calculated to be 463.1326 m/z. 
The mass difference is equal to -1.42 ppm. This was the correct mass, which 
matches the expected formula (C18H25NO13) for the 4-nitrophenyl-α-D-
sophoroside, (20). To the best of our knowledge, this is the first time the 
synthesis of this molecule has been reported. 
Sophorose      
O-H 
 Aromatic 
C-H 
Acetyl 
ester C=O 
-C-O-H 
sophorose 
 
 
 
 
Ar. -C=C-  
 
 
 
 
Acetyl -C-O 
 
Ar. H-C=C-H  
 
 
 
 
(a) 
(b)   
 
 
 
 170 
 
 5.5.10 NMR analysis of 2′', 3′, 3′', 4′, 4′', 6′, 6′'-hepta-O-acetyl-β-(4-
nitrophenyl)-D-sophorose  
 
 
 
           
        The next molecule whose synthesis was attempted was the 4-
nitrophenyl-β-D-sophoroside; the synthesis of this product, (21) was 
performed using a phase-transfer catalyst, 157-159 triethylbenzylammonium 
chloride under neutral and mild conditions which generate the sophoryl-
chloride as an intermediate. The β-anomer product, hepta-O-acetyl-β-(4-
nitrophenyl)-D-sophorose was produced via the treatment of hepta-O-acetyl-α-
bromo-D-sophorose with 4-nitrophenol in the presence of the phase-transfer 
catalyst in aqueous sodium hydroxide (base) to give the corresponding hepta-
O-acetyl-β-(4-nitrophenyl)-D-sophorose with inversion of configuration at the 
anomeric centre that resulted in the stereoselective substitution of the 
nitrophenol ring on the β-anomeric C-1′ position.  
        Again, the chemical structure of the product was elucidated using 1- & 2-
D-NMR. The 13C-NMR spectrum (Figure 5-28) shows that the anomeric β-C-1′ 
signal has shifted from 86.43 ppm in the starting material hepta-O-acetyl-α-
bromo-D-sophorose to 98.28 ppm in the new product; this is a downfield shift 
of 11.85 ppm. This shift confirms the coupling of the 4-nitrophenol on the 
anomeric C-1′ position. 
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Figure 5-28: Full 13C-NMR spectrum for the 2′',3′,3′',4′,4′',6′,6′'-hepta-O-acetyl-β-(4-
nitrophenyl)-D-sophorose, (21) 
 
         The product’s 1H-13C-HSQC-spectrum (Figure 5-29) confirms that there 
is a trace of around 20% of the α-anomer produced during the synthesis as 
the spectrum shows another set of contours for a second anomeric signal α-
H-1′ resonated at 4.68 (H) & 100.79 (C) ppm as well as β-H-1′′ which 
resonates at 4.99 & 101.35 ppm. Those signals are small peaks which are 
visible in both the 1H- and 13C-NMR-spectra.  
Figure 5-29: 1H-13C-HSQC-NMR for 2′',3′,3′',4′,4′',6′,6′'-hepta-O-acetyl-β-(4-nitrophenyl)-
D-sophorose, (21) 
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       The structure of the product was also investigated using FT-IR. The 
spectrum confirms the presence of the aromatic C-H stretching band for the 
nitrophenol ring occurred at 3115-3080 cm-1 as sharp bands, whereas the 
strong absorption band at 1741cm-1 is from the C=O stretching vibration of the 
acetyl ester groups on the sophorose moiety. The medium absorption bands 
visible at 1590 & 1515 cm-1 were for the stretching of the aromatic -CH=CH- 
group. The strong C-O absorption band for the acetyl esters was observed at 
1241 cm−1. The HPLC-MS was used to detect the molecular weight of the      
β-anomer of product (21). The major peak visible at a retention time of 
11.337-12.065 min is for the main compound and in the total ion 
chromatogram, the main peak generated the molecular ion as its sodium 
adduct [M+Na] + at m/z= 780.1943, which is the expected mass. The mass of 
the neutral compound was determined to be m/z= 757.2034 and the 
theoretical mass of the neutral compound was calculated to be m/z= 757.2065 
with a mass difference equal to - 4.09 ppm. This was the correct mass, which 
matches the expected formula (C32H39O20) for the 2′', 3′, 3′', 4′, 4′', 6′, 6′'-
hepta-O-acetyl-α-(4-nitrophenyl)-D-sophorose. To the best of our knowledge, 
this is the first time synthesis of this compound has been reported. 
5.5.11 NMR analysis of 4-nitrophenyl-β-D-sophoroside 
 
 
       The acetylated β-anomeric product (21) was subjected to alcoholysis to 
recover the de-acetylated product (22). The 13C-NMR spectra for the 
acetylated product hepta-O-acetyl-β-(4-nitrophenyl)-D-sophorose (21) and the 
de-acetylated product (22) were recorded, the spectra (Figure 5-30) confirm 
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the complete removal of the acetyl groups (observed in the starting material 
spectrum around 170-173 ppm).  
    Figure 5-30: Comparison between 13C-NMR spectra of (a) hepta-O-acetyl-β-(4-nitrophenyl)-
D-sophorose, (21) and (b) 4-nitrophenyl-β-D-sophoroside, (22) 
            
        The FT-IR spectrum for the hepta-O-acetyl-β-(4-nitrophenyl)-D-
sophorose, suggests that the desired product was produced during the 
alcoholysis, the spectrum shows a broad band around 3430-3302 cm-1 
corresponding to the O-H stretching for the hydroxyl O-H groups on 
sophorose and the absence of the C=O stretching band at 1741 cm-1, which is 
assigned for the acetyl groups in case of hepta-O-acetyl-β-(4-nitrophenyl)-D-
sophorose spectrum. The molecular weight of the de-acetylated β-anomer 
compound (22) was determined using a direct injection MS method. The mass 
spectrum gave the expected molecular ion as the sodium adduct [M+ Na] + at 
m/z = 486.1235. The mass of the neutral compound was determined to be 
463.1339 and the theoretical mass of the neutral compound was calculated to 
be 463.1326. The mass difference is equal to -2.81 ppm. This was the correct 
mass, which matches the expected formula (C18H25NO13) for the 4-
nitrophenyl-β-D-sophoroside. 
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5.6 Structural analysis of novel sophorolipids using HPLC-MS or 
MS analysis  
 
         After the confirmation of the sophorolipids by structural elucidation 
through the NMR, monomer and linkage analysis, HPLC-MS and MS direct 
injection method were used to further confirm and characterise the molecular 
weight of sophorolipids and their derivatives.  
 
5.6.1 HPLC-MS analysis of lactone sophorolipid, (2) 
 
        In the HPLC-MS detected one main compound and four minor impurities 
from the SL-lactone, (2) were obtained as shown in (Figure 5-31). According 
to the total ion chromatogram, the main peak of retention time (3.86 min) was 
generated by an ion with m/z= 688.369, which only matches the formula 
(C34H56O14). This was the correct formula corresponded to the sodium salt of 
the 6', 6"-diacetylated lactone sophorolipid. The four minor impurities were not 
matching the correct formula assigned for the lactone sophorolipid.  
 The following formula for the peak at 3.86 mins was generated: 
Figure 5-31: Total ion chromatogram, peak retention times and the correct matching 
formula along with the mass (m/z) obtained for the lactone sophorolipid, (2) 
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5.6.2 HPLC-MS analysis of sophorolipid derivatives 
  
        The molecular weight of the modified sophorolipids was also determined 
using HPLC-MS. The same method was used as described in section 2.3.3. 
The total ion chromatograms (Figure 5-32) for the modified sophorolipids, 
methyl ester SL-Me, (4) and ethyl ester SL-Et, (5) each show one distinct peak 
at 1.75 and 2.14 min, respectively and the masses obtained from these peaks 
were m/z 636.37 and 650.39 and both represent the corrected formula 
(C31H56O13 and C32H58O13) for the methyl and ethyl ester sophorolipids. 
 
 
 
 
 
 
 
 
 
Figure 5-32: Total ion chromatogram, and the correct matching formula along with the 
mass (m/z) obtained for methyl and ethyl ester sophorolipids SL-Me & SL-Et 
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       Moreover, the mass spectra for the modified sophorolipids, SL-1',6"-
lactone, (6) and 1',6"-lactone-6'-acetate, (7) were also investigated and their 
molecular weights were determined. The total ion chromatograms (Figure 5-
33) for the 1',6"-lactone shows one main peak at 2.15 min and a minor 
impurity peak, whereas for the 1',6"-lactone-6'-acetate, there was one main 
peak (2.99 min) for the main compound and six minor impurities from the 
sample. The mass spectra obtained from these major peaks (m/z 604.34 and 
646.35) were both for the corrected formula (C30H52O12 and C32H54O13) 
respectively for the synthesised the derivatives, (6 and 7). 
 
Figure 5-33: Total ion chromatograms, and the correct matching formulas along with 
the mass (m/z) obtained for 1', 6"-sophorolactone and 1', 6"-sophorolactone-6'-acetate 
derivatives 
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        Finally, HPLC-MS analysis was used to investigate the SL-Me-6′,6"-
dibutyrate, (8). The total ion chromatogram contained two peaks; the major 
peak at 3.644 min was for the main compound (Figure 5-34). The second 
peak with a retention time (2.109 min) generated the ion at m/z = 785.4362, 
which is the [M+ Na] + adduct and the ion at m/z= 801, which is corresponding 
to the mass of m/z the potassium adducts [M + K] + these are the correct 
masses for the sodium & potassium salts of the compound, which match the 
formula (C38H66O15). Hence, this was the correct formula corresponded to the 
sodium salt of the methyl ester-6′,6"-sophorose dibutyrate, (8). The mass 
spectra show the presence of two molecules as the formic acid was used; 
therefore, it charges the molecule and hence generated the carboxylic sodium 
salt of the compound, which is the first peak in the HPLC-TIC. Whereas the 
main peak of retention time 3.644 min generated the ion at m/z= 799.4531, 
which is corresponding to the [M + Na] + adduct (Figure 5-35) and this is the 
correct mass for this derivative, that only matches the formula (C39H68O15).  
 
  Figure 5-34: TIC-chromatogram for the derivative methyl ester-6′,6"-sophorose 
dibutyrate, (8). 
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Figure 5-35: Expected mass region and the correct formula matching for the compound 
methyl ester-6′, 6"-sophorose dibutyrate, (8) 
 
5.6.3 Mass spectra analysis of 1′, 2′′, 3′, 3′′, 4′, 4″, 6′, 6″-octa-O-acetyl-β-
D-sophorose, (12)  
 
         The molecular weight of the newly synthesised sophorolipids was 
determined using either HPLC-MS or through a direct injection MS method. 
The following HPLC-MS result is a good example for the analysis of 1′, 2′′, 3′, 
3′′, 4′, 4″,6′,6″-octa-O-acetyl-β-D-sophorose, (12) derivative.  
         The total ion chromatogram (TIC) chromatogram confirms the presence 
of a single peak at 3.544 min, which is for the compound as shown (Figure 5-
36). The main peak has generated the [M + NH4] + ion at m/z = 696.2345, 
which is the expected mass ion.  
Mass Spectrum at 3.644 min 
Mass Spectrum at 2.109 min 
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     The mass of the neutral compound was determined to be m/z= 678.2006 
and the theoretical mass was calculated to be m/z= 678.2007; with mass 
difference equal to -0.15 ppm.  
     This is the correct mass, which matches the expected formula (C28H38O19) 
for the product. 
Mass Spectrum at (3.548-3.695 min): 
 
Figure 5-36: HPLC-TIC chromatogram and the expected mass region for the compound 
1′, 2′′, 3′, 3′′, 4′, 4″, 6′, 6″-octa-O-acetyl-β-D-sophorose, (12)  
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 5.7 Conclusion 
 
         Simple alcoholysis of the lactone form of the sophorolipid was 
successfully employed to produce the ethyl and methyl ester sophorolipids as 
derivatives with a good yield, these were then used in the preparation of a 
range of 1,6″-lactone derivatives including: 1,6"-sophorolactone, 1,6"-
sophorolactone-6'-acetate and methyl ester-6ʹ,6ʺ-sophorose dibutyrate. The 
NMR, MS and FT-IR data all confirmed the formation of these derivatives and 
the substitution of the acetate / butyrate groups on the C-6'/C-6ʺ position (s).  
         Sophorose was successfully used in a sequence of chemical steps to 
produce a range of new sophorolipids utilizing a classical glycosylation 
reaction between 2′′,3′,3′′,4′,4″,6′,6″-hepta-O-acetyl-α-D-sophoryl bromide and 
a range of fatty alcohols. The chemical structures of the newly synthesised 
sophorolipids were investigated using 1- & 2-D-NMR, FT-IR and HPLC-MS. 
         The main driving force for the synthesis of these novel sophorolipids has 
been the design of new SLs for generation of compounds with novel effect on 
the surface tension properties and with a view to the determination of their 
biological activity and this will be described in the next chapter. The α and β-p-
nitrophenyl sophorylsides were designed as activated colourimetric substrates 
for use in the search for glycosyl-hydrolase enzymes that have been reported 
to be present in the fermentation liquor and which potentially can cleave the 
sophorose-lipid bond. The results of this investigation are also described in 
the next chapter. 
 
 
 
  
 
 
 
 
 
 
 
6. Applications of novel 
sophorolipids
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6. Applications of novel sophorolipids 
6.1 Introduction 
 
6.1.1 Surface tension properties of sophorolipids 
 
     Sophorolipids and their derivatives have been reported to display 
different physicochemical properties and they have found multiple applications 
in a range of different fields. 203,211 These characteristics are mainly due to the 
presence of both hydrophilic and hydrophobic components in their chemical 
structures, the balance of these characters plays vital role in the surface 
properties of sophorolipids. Generally, sophorolipids are found to reduce the 
surface tension of water from 72.80 mN/m to 40-30 mN/m with typical critical 
micelle concentrations (CMC) of 100-250 mg/L. 212,213 According to previous 
studies, solutions of the diacetylated lactone sophorolipid have a lower 
surface tension and CMC values compared to the nonacetylated acidic 
sophorolipid form. 56,66 The degree of acetylation of the sophorose moiety has 
a great effect on the surface tension and biological properties of sophorolipids. 
43,140 The monoacetylated lactone form C18:1 possesses a similar CMC to the 
diacetylated sophorolipid C18:1. However, the surface tension reduction value 
at CMC (γCMC= 40 mN/m) measured for the monoacetylated was marginally 
greater than that of the diacetylated form (γCMC= 36 mN/m).86,214  A glucolipid, 
generated through the enzymatic modification reaction of an acid sophorolipid 
using hesperidianse glycosidase, displayed very similar surface tension 
properties as for the acidic sophorolipid but was less soluble in water 
compared to the acidic form. 87 Another study confirmed that sophorolipids 
with fatty acid of longer carbon chain such as, the alkyl (i.e., methyl, propyl 
and butyl) esters had lower CMC and γCMC values than those with shorter 
carbon chain. 90,104 
         In summary, the degree of acetylation, the chain length of the lipid 
component of sophorolipids and their carbohydrate structure all influence their 
CMC values and the corresponding surface tension value at the γCMC. 86 
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         The surface tension properties of sophorolipids are about two fold lower 
in magnitude than that for the chemical-based surfactants. In general, it has 
been reported that the lactone form of sophorolipids showed enhanced 
surface tension reducing properties. In contrast, the acid form of sophorolipids 
displayed better foam formation and better solubility. 191 Sophorolipids 
possess properties that render them attractive ‘natural’ surfactants and as a 
consequence, they are used in applications in the field of cosmetics, 
detergents, soil remediation and oil recovery. 90 
6.1.2 Sophorolipids as activators or inhibitors of enzyme activities 
   
          Sophorolipids are able to modulate enzyme activity either by inhibiting 
the activity of enzymes or alternatively, by altering the structure of cell-
membranes, sophorolipids can promote enzyme activity by facilitating their 
release. Glycolipids can also modulate enzyme activity by influencing an 
enzyme’s stability, preventing their denaturation during their activity. 196,215  In 
1993, Helle et al. 216 confirmed the enhancement of cellulase stability during 
cellulose hydrolysis by desorbing it from the cellulose substrate through the 
addition of sophorolipids. This desorbing and stabilizing effect were attributed 
to the molecular structure of the enzymes and surfactants as well as the 
interface between the enzymes and surfactants. 160 Sophorolipids allow for the 
disruption of the structure of cellulose, making the cellulose more accessible 
to the enzymes.  
         It has previously been suggested that sophorolipids are metabolized by 
C.bombicola upon carbon starvation. 196 The metabolism of sophorose would 
require the presence of an enzyme with hydrolase activity in the fermentation 
liquors i.e., an enzyme which has the ability to either cleave the glycosyl-lipid 
bond to give sophorose and free lipid or to hydrolyse the glycosyl-
glucopyranose bond to give glucose and glucolipid. One way of searching for 
the presence of an enzyme that could cleave the sophorose-lipid bond is to 
generate an activated colourimetric substrate for monitoring this activity.  
        In the previous chapter, the synthesis of both α- and β-p-nitrophenyl 
sophorylsides was described and these were synthesised in an attempt to 
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generate colourimetric substrates for enzymes capable of hydrolysing 
sophorolipids. These were tested to determine if they would act as substrates 
for simple glycosyl-hydrolases. 
         
6.1.3 Biological activity of sophorolipids 
 
         Another reason why researchers are interested in sophorolipids is 
related to their biological activity including anticancer, antiviral (anti-HIV) and 
antibacterial activity. These activities have resulted in sophorolipids being 
used in an application in the pharmacological, pharmaceuticals and clinical 
fields. 18,79,217,218 Recently, in 2015, De Rienzo and co-workers studied the 
antimicrobial activity and biofilm disruption properties of a range of different 
concentrations of sophorolipids. The study confirmed the inhibition of the 
growth of Gram-positive Bacillus subtilis BBK006 and Gram-negative 
Cupriavidus necator ATCC 17699 by sophorolipids at a concentration 5% v/v. 
219 
         Generally, the chemical structures of sophorolipids greatly influence 
their biological activity: the diacetylated lactone form displayed higher 
antimicrobial activity against bacteria, fungi, and virus compared to the 
deacetylated acidic form. Moreover, the lactone form was also shown to have 
higher cytotoxic activity than the monoacetylated and deacetylated acid form 
towards cancer cells and viruses. 79,105,220 
         It has also been shown that both chemical and enzyme modification of 
natural sophorolipids has led to the production of sophorolipid derivatives with 
increased biological activity. For example, the substitution of acetyl groups 
can lower the hydrophilicity of the sophorolipid molecule and improve their 
antimicrobial activity and their ability to influence to change the production of a 
cytokine. 73,217,218 The diacetylated ethyl ester of sophorolipids exhibited good 
spermicidal activity and was more effective against HIV than the standard 
lactone sophorolipid. 79,217 The deacetylated ethyl ester form of sophorolipids 
can be used for the treatment of sepsis, acting primarily through decreasing 
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inflammatory cytokines by blocking TLR4-CD14 upstream of the inflammatory 
signalling cascade. 170  
       Recently, a quaternary ammonium sophorolipid derivative that was 
synthesised by Delbeke and co-workers was assessed for its antibacterial 
activity against the Gram-positive and negative bacteria. 221 
       Natural sophorolipids have displayed cytotoxic activity against pancreatic 
carcinoma cells, while sophorolipids from W. domercquiae exhibited a 
considerable effect on esophageal cancer KYSE109 and KYSE450, 73 human 
lung cancer A549, human liver cancer H7402, and human leukemia HL60 and 
K562 cell lines. 37 The biological activity of sophorolipids on human liver 
cancer cells H7402 was linked to their ability to trigger apoptosis.  
      Whilst the initial aim of this work was the chemical synthesis of novel 
sophorolipids, their purification and their characterisation. The secondary aim 
was to investigate the effect of their structure on their chemical and biological 
activities. We were specifically interested in: 
Determining the interfacial properties of the synthesised sophorolipids; 
Determining if the products synthesised as part of this research displayed 
pharmacological activity against cancer cells; 
Finally, we were interested to see if the activated substrates (SLs, 20 & 22) 
could be used to detect enzyme activity.  
6.2 Determination of the interfacial properties of sophorolipids 
 
       The surface tension lowering and micellization ability in solution are the 
most vital properties of a surfactant. The surface active properties of the 
sophorolipids generated in this research programme were evaluated and 
measured at 25 °C according to the procedure described in section 2.17. The 
aim of this experiment was to understand the relationship between the alkyl 
ester chain length and their interfacial properties, also to investigate the effect 
of the acetate and butyrate groups attached to the C-6s position on sophorose 
moiety and how these influence interfacial properties. 
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       The principal surface characteristics of surfactants are measured by 
studying the variation of the surface tension (γ) as a function of the substrates 
concentration [mM]. A series of experiments were performed to determine the 
variation of the surface tension (γ) of an aqueous phase as a function of the 
concentration of the novel sophorolipids whose synthesis was described in the 
previous chapter, at the same time the properties of the sophorolipid acid and 
lactone were measured as control experiments. Plots of the surface tension 
(γ) against substrate concentration are shown in (Figure 6-1 & 2) and the 
effects on a range of interfacial properties are summarized in Table 6-1. The 
interpretation of the plots is straightforward: near the CMC, surfactants begin 
to form micelles in the bulk aqueous phase and as a result, at or above the 
CMC, a further increase in surfactant monomers gives a very little decrease in 
surface tension. The chemical surfactant, sodium dodecyl sulphate (SDS) was 
used as a control in these experiments. 
 
 
Figure 6-1: Surface tension vs. concentration plots for sophorolipids: acid, 1ʹ,4ʺ-
sophorolactone, 1ʹ,6ʺ-sophorolactone, 1ʹ,6ʺ-sophorolactone-6ʹ-acetate and SDS with 
the ring method at 25 °C 
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Figure 6-2: Surface tension vs. concentration plots for sophorolipids: acid, methyl 
ester, ethyl ester, methyl ester-6′,6′′-sophorose dibutyrate, β-oleyl-D-sophorose and 
SDS with ring method at 25 °C 
       
      In both sets of results, sophorolipids reduced the surface tension of 
distilled water from 72.8 mN/m down to values within the range of 36.20-29.50 
mN/m with the recorded CMC values being in the range of 1.05-0.31 mM. 
These values fall within the range of values reported by previous studies 212 
where sophorolipids dissolved in water, lowered the surface tension from 72.8 
down to 40-30 mN/m. The CMC (γ CMC) for each sophorolipid were calculated 
from the graphical representation of surface tension (γ) versus logarithm of SL 
concentration as shown in (Figure 6-3) below:  
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Figure 6-3: Plots of surface tension (mN/m) versus the logarithm of millimolar 
concentration (log C) of classical sophorolipids and their derivatives. 
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Table 6-1: Surface-active properties of sophorolipids and their derivatives 
 
      In each of the surface tension (γ) versus the logarithm of sophorolipids 
concentration plots, the curves showed a significant inflection at a particular 
surfactant concentration (Figure 6-3) corresponding to the substrates CMC. 
The sophorolipid lactone and sophorolipid acid showed a lower surface 
tension of (31.60 & 36.20 mN/m) at a CMC (0.87 & 1.05 mM) respectively. 
These values are slightly lower than the values reported in previous studies, 
43,140,212,213 while the surface tensions of other lactone derivatives; 1′,6″-
sophorolactone and 1′,6″-sophorolactone-6′-acetate were slightly higher than 
that for the natural lactone (Table 6-1). The lowest average adsorption density 
is for the ethyl ester sophorolipid 1.07 × 10−7 mol/m 2 and the lowest area per 
molecule value is 75.23 Å2  for the methyl ester-6′,6″-sophorose dibutyrate. 
The areas per molecule values for these surfactants are higher than those of 
other surfactants with a similar structure such as, n-dodecyl-β-D-maltoside, 
which is ∼50 Å2. 222 From simple visual inspection, the surfactants solubilities 
were investigated and it was noted that the alkyl ester derivatives methyl, 
ethyl ester, and methyl ester-6′,6″-sophorose dibutyrate demonstrated high 
and rapid solubility in water with good foam formation compared to the natural 
Sophorolipid 
CMC 
[mM] 
γ CMC 
(mN/m) 
Γ max 
(mol/m2) 
A min 
(Å2) 
SDS control 2.08 62.65 1.27 x 10-8 138.36 
SL-Acid 1.05 36.20 2.16 x 10-7 102.35 
1′,4′′-sophorolactone 0.87 31.60 1.20 x 10-6 96.85 
1′,6ʺ-sophorolactone 0.33 32.15 0.45 x 10-6 94.34 
1′,6ʺ-sophorolactone-6′-acetate 0.31 32.08 0.62 x 10-6 92.68 
SL-Methyl ester 0.79 31.10 2.07 x 10-6 82.92 
SL-Ethyl ester 0.72 29.40 1.07 x 10-7 85.79 
Methyl ester-6′,6ʺ-sophorose 
dibutyrate 
0.40 30.00 3.04 x 10-6 75.23 
β-D-oleyl sophorose 1.01 34.82 4.87 x 10-7 100.21 
Commented [AL1]: Ammar-you must explain what the two 
additional terms/coumns that are located in table refer to. 
 
A2 and Tmax 
 189 
 
acid. While the lactones sophorolipids were sparingly soluble with less foam 
formation. 
      Concerning the group of sophorolipid derivatives, SL-Me, SL-Et and 
methyl ester-6′,6″-sophorose dibutyrate, it is clearly seen that, as the chain 
length of the n-alkyl ester moiety increases, the surface tensions of the 
surfactants decreases. The surface tension values for these derivatives are 
lower in comparison with the other sophorolipids that were tested and the 
values obtained are lower than the values reported by Zhang et al. 90 The 
surface tension for the β-D-oleyl sophorose derivative has a surface tension 
lower than that of the acid form of the sophorolipid and this might be attributed 
to the lack of the carboxyl group in the C18:1 chain of the β-D-oleyl 
sophoroside. Furthermore, Gibbs adsorption density Γmax (mol/m2) values for 
the methyl ester, ethyl ester and methyl ester-6′,6″-sophorose dibutyrate were 
measured and the results are tabulated in (Table 6-1). All values (maximum 
adsorption densities) are similar in size and within the range 3.04×10−6 to 
1.07×10−7 mol/m2 and the surface area per adsorbed molecule was 85.79-
75.23 ºA2. Whereas, the values for the maximum adsorption density of the 
lactones sophorolipids are slightly lower than these of its open chain alkyl 
ester analogues. 
     This study suggests that desirable surface-active sophorolipids can be 
synthesised by careful modification of the hydrophilic/lipophilic balance of the 
natural sophorolipid molecules. 
6.3 Results of substrate studies: Are the sophorose derivative, α and β-
p-nitrophenyl sophorylsides substrates for a α-glucosidase enzyme? 
 
        The results of the experiments reported in chapter 4 (see section 4.12) in 
which sophorolipids were added to the spent fermentation media during the 
starvation period of the sophorolipid fermentation pointed to the presence of 
an enzyme which is able to hydrolyse sophorolipids. This enzyme catalyses 
the hydrolysis of sophorolipids leading to the production of sophorose, 
isomaltose and glucose with the cleavage of both the 1→2-glycosidic bond 
and the lipid-glycosidic bond.  
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An attempt was made to provide additional evidence for the presence of this 
enzyme by preparing an activated colourimetric substrate for use in its 
detection.  
        Therefore, an attempt was made to develop a simple colorimetric assay 
for the enzyme and, in the first part of the development of the assay, a set of 
experiments were performed to test if the activated α and β-p-sophorylsides 
were substrates for a simple glycosyl hydrolase. Both α and β-p-nitrophenyl 
sophorylsides were tested as substrates for a commercial α-glucosidase 
(described in section 2.18.1.1). It was hoped that p-nitrophenol would be 
released and an intense yellow colour would be observed if the activated 
sophorolipids were substrates of the enzyme. Unfortunately, the initial tests 
were negative and no p-nitrophenol was released when either α or β-p-
nitrophenyl sophorylsides were exposed to the enzyme. In contrast, a positive 
reaction was observed when α-p-nitrophenyl-D-glucopyranoside was used as 
a control.  Failure to observe catalytic activity is likely to simply reflect that the 
1→2-linked α or β-p-nitrophenyl sophorylsides were not able to bind 
productively to the active site of the enzyme whose natural substrate is the 
disaccharide maltose (an alpha-1,4-linked disaccharide). 
       In an attempt to see if the substrates were able to bind to the enzyme a 
second set of experiments was conducted (see section 6.4) in which the effect 
of the presence of α-p-nitrophenyl sophorylsides on the hydrolysis of α-p-
nitrophenyl-D-glucopyranoside was determined.  
 
6.4 Results of inhibition studies: Is the sophorose-derivative, α-p-
nitrophenyl sophorylside an inhibitor of the α-glucosidase enzyme? 
 
        To test for potential inhibition of the enzyme, α or β-p-nitrophenyl 
sophorylsides were added to the enzyme α-glucosidase in the presence of the 
substrate p-nitrophenyl--D-glucopyranoside; the colourimetric assays were 
conducted based on the procedure described in sections 2.19.1. 
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6.4.1 Inhibition results 
          
         The modification of α-glycosidase activity via inhibitors in vitro is of an 
interest due to the involvement of glycosidases in a variety of anabolic and 
catabolic processes, such as lysosomal catabolism of glycoconjugates and 
associated degradation of glycoproteins. Glycosidase inhibitors have different 
beneficial effects as therapeutic agents, such as antifungal agents, 
insecticides and antivirals 223 in order to test the effect of the α-p-nitrophenyl-
D-sophorylside, (soph-α-pNP) on the activity of α-glycosidase in the presence 
of the substrate α-p-nitrophenyl-D-glucopyranoside (glc-α-pNP), three 
separate experiments were carried out and plots of substrate concentration 
versus time were measured in the presence of varying amounts of the 
inhibitors (Figure 6-4). In the control experiment, (Figure 6-5, top curve) the 
release of p-nitrophenol was measured at different time intervals during the 
hydrolysis of the substrate glc-α-pNP, (5 mM) in the absence of soph-α-pNP.  
        In the second experiment, the same reaction was performed with the 
addition of soph-α-pNP, (5 mM), (Figure 6-4, middle curve). From inspection 
of the curves it is clear that soph-α-pNP acts as an inhibitor and there is a 
reduced release of p-nitrophenol at all-time points. In order to understand the 
type of inhibition being observed, a third experiment was conducted, the 
concentration of the standard substrate glc-α-pNP, 5 mM was kept constant 
while increasing the concentration of the derivative soph-α-pNP to 10 mM. 
The result (Figure 6-4, bottom curve) revealed that the rate of the catalytic-
reaction was further reduced (decrease in the reaction rate). The 
concentrations of p-nitrophenol (Figure 6-5, bottom curve) were also reduced 
below those observed in the first two experiments. The experimental results 
confirm that the added derivative soph-α-pNP has an inhibitory effect on the 
hydrolysis of the substrate glc-α-pNP. The added soph-α-pNP altered the 
catalytic-activity of the α-glucosidase, through slowing down the rate of the 
hydrolysis reaction and the release of the p-nitrophenol.           
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Figure 6-4: Plots of absorbance (Abs.) versus time (min) of the α-glycosidase assay 
using a constant concentration of substrate glc-α-pNP and various concentration of 
soph-α-pNP inhibitor 
 
Figure 6-5: Plots of the amount of pNP [mM] versus time (min) produced form the three 
conducted experiments.  
 
6.4.2 Checks to see if α or β-p-nitrophenyl sophorylsides could detect 
enzyme activity in the spent fermentation liquors. 
      In an attempt to check for the presence of enzymes in the fermentation 
liquors that were capable of hydrolysing the activated substrate soph-α-pNP, 
the two were incubated together and attempts were made to observe the 
release of p-nitrophenol. Unfortunately, no reaction was observed and as such 
this line of experimental work was abandoned in favour of studying the 
biological activity and specifically the anticancer activity of the new 
sophorolipids, as this area was providing a number of interesting results. 
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 6.5 The cell viability and cytotoxicity assays of sophorolipids 
      
       The following work was undertaken at the University of Huddersfield and 
was conducted in the collaboration with the postgraduate researcher Glenn 
Robinson and with two undergraduate project students (Hanna White and 
Emily Roddy). The researchers studied the biological activity of a number of 
sophorolipids in a cell-viability assay using breast adenocarcinoma MCF7 and 
prostate PC3 cell lines and utilizing an MTT assay. A range of sophoroipid 
concentrations of (1nM -100 μM) were used and added to the cells for 24, 48, 
72 and 96 h incubation. 
 
6.5.1 Result of the cell viability (MTT assay) of sophorolipids derivatives 
 
       The results revealed that the selected purified sophorolipids compounds 
displayed cytotoxic effects against both human breast cancer MCF7 and 
prostate PC3 cell lines, except the methyl ester sophorolipid, which had an 
IC50: > 100 µM. The cell viability (MTT) data is recorded in Table 6-2. The 
anti-proliferative activities are expressed as mean values of the growth 
inhibitory concentration (IC50), which is the concentration of the drug required 
to reduce the cell viability by 50%.  
      
       The results revealed that after 96 h of incubation the tested sophorolipids 
influence cell viability in the following order: oleyl 2″,3ʹ,3″,4ʹ,4″,6ʹ,6″-hepta-O-
acetyl-β-D-sophoroside ˃ 1ʹ,6"-sophorolactone-6'-acetate > methyl ester-6ʹ,6"-
sophorose dibutyrate > 1ʹ,6″-sophorolactone > methyl ester.  
       The cell lines were most sensitive to oleyl 2″,3ʹ,3″,4ʹ,4″,6ʹ,6″-hepta-O-
acetyl-β-D-sophoroside; at this moment in time, further work is underway to 
determine the mechanism of cytotoxicity of the compound used and its 
deacetylated form.  
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      The derivative 1ʹ,6"-sophorolactone-6ʹ-acetate was also found to be a 
potent inhibitor of cell growth suggesting that the lactone ring also has an 
effect on the cell viability along with the acetate group on position C-6ʹ.  
It was also observed that the substitution of a longer chain fatty acid (butyrate) 
on to the C-6s position in the methyl ester sophorolipid reduced the cell 
viability. In the assay results, there is clear evidence that the degree of 
acetylation on the sophorose moiety has an effect on the cell viability. 224-226  
      To the best of our knowledge, this is the first time that the biological 
activity of these sophorolipid derivatives has been studied and cytotoxic 
responses demonstrated in both MCF7 and PC3 cell lines. These anticancer 
effects were dose and derivative-dependent. 
 
Table 6-2: IC50 (µm) results for different sophorolipid derivatives on the MCF 7 & PC 3 
cell lines after 96 h of incubation 
Sophorolipid 
Average IC50 (µM)                   
+ S.E.M (µM) 
MCF7 cell line at 96 h 
Average IC50 (µM)                     
+ S.E.M (µM) 
PC3 cell line at 96 h 
oleyl 2″,3ʹ,3″,4ʹ,4″,6ʹ,6″-hepta-O-
acetyl-β-D-sophoroside 
6.36 ± 1.13 5.62 ± 0.07 
1ʹ,6"-sophorolactone-6'-acetate 10.00 ± 1.22 18.40 ± 7.37 
Methyl ester-6ʹ,6"-sophorose 
dibutyrate 
29.60 ± 5.55 57.80 ± 3.13 
1ʹ,6″-sophorolactone 52.70 ± 8.59 40.53 ± 6.22 
methyl ester >100 >100 
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6.5.2 Detailed results of the MTT assay of oleyl 2″,3ʹ,3″,4ʹ,4″,6ʹ,6″-hepta-
O-acetyl-β-D-sophoroside, oleyl β-D-sophoroside and 1′, 2′′, 3′, 3′′, 4′, 4″, 
6′, 6″-octa-O-acetyl-β-D-sophorose  
 
        Researchers at Huddersfield also explored the cytotoxic effect of the 
purified oleyl 2″,3ʹ,3″,4ʹ,4″,6ʹ,6″-hepta-O-acetyl-β-D-sophoroside, oleyl-β-D-
sophoroside and β-octaacetate-D-sophorose which was used as a control.  
        The cytotoxicity of these three substrates was examined on both MCF7 
and PC3 cell lines after exposure for 24, 48, 72 and 96 h. Cells were treated 
with sophorolipids at a different concentration ranging from (1nM-100 μM). 
The IC50 values for these derivatives obtained from the MTT assay; the 
average of four experiments were performed for each time period that was 
studied. 
        The IC50 results for the first derivative oleyl 2″,3ʹ,3″,4ʹ,4″,6ʹ,6″-hepta-O-
acetyl-β-D-sophoroside are tabulated (Table 6-3) below: 
 
Table 6-3: IC50 (µm) results for the oleyl 2″,3ʹ,3″,4ʹ,4″,6ʹ,6″-hepta-O-acetyl-β-D-
sophoroside on the MCF7 cell line after 24, 48, 72 & 96 h of incubation 
 
Incubation 
period (h) 
 
Average IC50 (µM)                   
+ S.E.M (µM) 
MCF7 cell line 
Average IC50 (µM)                       
+ S.E.M (µM) 
PC3 cell line 
24 29.82 ± 9.24 Cells more than 50 % viable 
48 11.23 ± 3.77 11.88 ± 2.23 
72 8.69 ± 1.04 9.00 ± 1.62 
96 4.78 ± 0.85 5.82 ± 1.98 
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      The IC50 results show a correlation between the concentrations of the 
sophorolipids used and cell viability. The results in (Table 6-3) show a 
decrease in the IC50 from 29.8 μM after 24 h to 4.8 μM after 96 h for the MCF7 
cell line. 
      The IC50 values after 96 h period confirmed that oleyl 2″,3ʹ,3″,4ʹ,4″,6ʹ,6″-
hepta-O-acetyl-β-D-sophoroside has a significant cytotoxic effect. Whereas, 
the IC50 results for the PC3 cell line assay were slightly different: cells were 50 
% viable at 24h of incubation whilst between 48 and 96 h of incubation the 
compound demonstrated a large reduction in the IC50.  
      To test the cytotoxic effect of the deacetylated oleyl β-D-sophorose and to 
study the effect of the substituted acetate groups on the sophorose moiety, 
the MTT assay was also conducted for this corresponding sophorolipid 
derivative.  
      The IC50 results for the oleyl β-D-sophorose on the PC3 and MCF7 cell 
lines after 24, 48, 72 & 96 h of incubation showed that the percentage cell 
viability does not reduce below 50% for all of the tested drug concentrations. 
The results revealed that the drug has no cytotoxic effect against those cell 
lines in stark comparison to that of the corresponding acetylated sophorolipid:                                     
oleyl 2″,3ʹ,3″,4ʹ,4″,6ʹ,6″-hepta-O-acetyl-β-D-sophoroside.      
        According to the Cancer Research UK, a lead compound in a cancer 
study must have an IC50 <10 µM. 227 A study was conducted by Shao and co-
workers in 2012 73 who demonstrated cytotoxicity of sophorolipids on 
esophageal cancer cells. They also demonstrated that the activity of the 
sophorolipids was dependent on the degree of acetylation present within the 
molecule. 225 For example, the diacylated sophorolipids were found to have 
much anti-tumour activity than monoacylated sophorolipids. This suggests 
that the number of acetate groups present in the compound correlates with an 
increase in cytotoxicity. They also reported that acidic sophorolipids were less 
cytotoxic compared to lactonic sophorolipids. 
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      Finally, the cytotoxic effect of the control compound β-octaacetate-D-
sophorose was also investigated using the MTT assay. Sophorose 
octaacetate was also chosen as a control when conducting the MTT assay of 
sophorolipids in order to study the effect of the substituted acetate group on 
the cell viability.  
      The MTT results on cell lines after 24, 48, 72 & 96 h of incubation showed 
that the percentage cell viability does not reduce below 50% for all of the 
tested concentrations. Therefore, the results revealed that there is no 
cytotoxicity against these cell lines which again is in sharp contrast to the 
results, which was observed for the corresponding acetylated sophorolipid, 
oleyl 2″,3ʹ,3″,4ʹ,4″,6ʹ,6″-hepta-O-acetyl-β-D-sophoroside 
      The lack of any cytotoxic activity for the β-octaacetate-D-sophorose might 
be attributing to the absence of the C18:1 fatty acid chain. It has previously 
been shown that cytotoxicity changes with different degrees of unsaturation 
present in the fatty acid section of sophorolipids. Sophorolipids with a fatty 
acid chain containing one double bond were shown to be the most effective, 
whereas no double bonds proved to be the least effective. 218,225           
        
6.5.3 Cell lysis microscopic results of MCF7 and PC3  
 
         Researchers at Huddersfield also studied cell lysis for MCF7 and PC3 
cell lines before and after the treatment with the sophorolipid, oleyl 
2″,3ʹ,3″,4ʹ,4″,6ʹ,6″-hepta-O-acetyl-β-D-sophoroside by analysis of microscopic 
images. The microscopic images obtained by the researchers showed the 
cultured cells before and after cell lysis. On exposure to oleyl 
2″,3ʹ,3″,4ʹ,4″,6ʹ,6″-hepta-O-acetyl-β-D-sophoroside there is a significant 
difference in the number of cells when comparing cells in the media at 0h and 
48 h for both MCF7 and PC3 as shown in (Figures 6-6 & 7).   
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 MCF7-cells in media 0 h, 20 x magnification  MCF7-cells in media 48h, 20 x magnification 
 MCF7-cells in ethanol 48h, 20x magnification                                                                 MCF7-cells with drug 59. 6μM 48h, 20x mag                             
 
 
 
 
Figure 6-6 Microscopic images depicting MCF7-cells treated with media, ethanol, and 
sophorolipid oleyl 2″,3ʹ,3″,4ʹ,4″,6ʹ,6″-hepta-O-acetyl-β-D-sophoroside after 48 h. 
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 PC3-cells in media 48 h, 20 x magnification PC3-cells in ethanol 48 h, 20x magnification  
PC3-cells with drug 14.21 µM, 48 h, 20 x magn. PC3-cells with drug 28.42 µM, 48 h, 20x magn. 
 
 
      
 
Figure 6-7: Microscopic images depicting PC3-cells treated with media, ethanol, and 
sophorolipid oleyl 2″,3ʹ,3″,4ʹ,4″,6ʹ,6″-hepta-O-acetyl-β-D-sophoroside after 48 h. 
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       The microscopic images in (Figure 6-6) show that very few cells 
remaining viable after treatment with the sophorolipid (59.6 µM, 48 h), in 
comparison to cells in media and in ethanol, which show that MCF7 where 
cells were still intact. On close inspection of the images, the structure of the 
cells, show evidence of cell blebbing. Cell blebbing occurs in apoptotic cells 
when the plasma membrane protrudes from the cell due to the localised 
decoupling of the cytoskeleton from the plasma membrane. 228 
       The shape of the MCF7 cells in media was well structured, whereas the 
cells treated with the drug after 48h are a more circular, disordered-like shape 
and the number of cells was reduced due to the blebbing effect. 
        A similar story was observed for the PC3 cell line (Figure 6-7); from the 
microscopic images obtained after exposure to oleyl 2″,3ʹ,3″,4ʹ,4″,6ʹ,6″-hepta-
O-acetyl-β-D-sophoroside. It is clear that whilst there are many intact PC3 
cells present in the media and in ethanol after 48 h treatment with 14.21 µM of 
the sophorolipid oleyl 2″,3ʹ,3″,4ʹ,4″,6ʹ,6″-hepta-O-acetyl-β-D-sophoroside, the 
number of cells has decreased dramatically with a high amount of bleb action 
occurring. Although there are still a small number of cells present, there 
doesn’t seem to be any new cell growth. The addition of the 28.42 µM of the 
sophorolipid resulted in a distinct lack of cells present in the image. All cell 
shapes suggest that apoptosis is occurring due to the presence of swollen 
areas indicating blebbing. 
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6.6 Conclusion 
 
      The interfacial properties of classical sophorolipids and their derivatives 
were evaluated successfully. The results indicated that the lactone 
sophorolipid derivatives have lower surface tension and CMC values than the 
open chain acidic analogues and the oleyl β-D-sophoroside. The methyl ester, 
ethyl ester and methyl ester-6′,6″-sophorose dibutyrate showed the lowest 
surface tension values.  
       The enzyme-substrate studies for α-glucosidase utilizing the 4-                          
nitrophenyl--sophorylsides didn’t provide the expected results: they were 
inhibitors of the enzyme and not substrates. The use of the activated 
sophorose derivatives to check for glycosyl-hydrolase activity in spent 
fermentation media did not provide a positive result. 
       Finally, the biological activity of different sophorolipids derivatives on 
MCF7 and PC3 cell lines was investigated. Most of the sophorolipids 
displayed inhibitory activity, except the methyl ester sophorolipid, which has 
an IC50: >100 µM. These anticancer responses were both dose and derivative 
dependent. The results showed that cell lines were most sensitive to the oleyl 
2″,3ʹ,3″,4ʹ,4″,6ʹ,6″-hepta-O-acetyl-β-D-sophoroside, which was capable of 
causing the death of MCF7 & PC3 cells giving an IC50 value of 5.82 μM and 
4.78 μM at 96 h, respectively. The study showed that increasing the contact 
time decreases the IC50, meaning that a lower drug dose can be administered 
over an extended period of time. 
 
  
  
 
 
 
 
 
 
7. Overall conclusions and 
future work
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7. Overall conclusions 
 
      A variety of analytical techniques namely (NMR, FTIR, HPLC-MS, GC-MS, 
and HPAEC-PAD) were used for structure elucidation and characterisation of 
a number of natural sophorolipids, which were obtained from Croda 
Biotechnology. Two main forms were found as the natural diacetylated lactone 
which is esterified at the C-4" position of sophorose and the acid form, which 
was produced by the alkaline treatment of the lactone form.  
      In addition, a range of novel sophorose derivatives have been 
synthesised. These novel molecules have been prepared via the lipase 
Novozyme 435 catalysed acylation reaction of the sophorolipid methyl ester 
producing a range of lactone derivatives include, 1′,6″-sophorolactone and 
1′,6″-lactone-6′-acetate as well as open chain sophorolipids with either acetate 
or butyrate groups substituted on the C-6s, i,e., the primary hydroxy at the 
reducing and non-reducing glucose of sophorose.  
      The HPAEC-PAD and GC-MS analysis confirmed the monosaccharide 
composition of the natural sophorolipids as glucose and that glucose is the 
only monosaccharide present. Furthermore, the type of the glycosidic linkage 
in sophorolipids and sophorose was confirmed by GC-MS as a β (1→2)-link, 
whereas the linkage in isomaltose was identified as α (1→6)-link. 
      The valuable sugar sophorose was isolated from the lactone waste stream 
as a pure form in gram scale quantities using a very simple solvent extraction 
method, requiring only water; the crude products were separated using a 
charcoal: celite column. Evidence has been provided, which suggested that 
sophorose is generated by an enzyme catalysed hydrolysis of sophorolipids.  
      When treated with aqueous alkali, sophorose underwent epimerisation: 
the alkaline treatment of sophorose led to the formation of the new 
disaccharide 2-O-β-D-glucopyranosyl-D-mannose, which was successfully 
isolated in a pure form using the charcoal: celite column.  
      Moreover, the alkaline hydrolysis of the acid sophorolipids was carefully 
investigated in an attempt to prove that sophorose, isomaltose and glucose 
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were present in the lactone waste. These results were correlated with those 
obtained when utilizing sophorolipids as a carbon-feed source during the 
starvation period (lag phase) of a sophorolipid fermentation, which pointed to 
the presence of an enzyme that is capable of hydrolysing sophorolipids into 
glucolipid, sophorose, isomaltose and glucose.  
      In extending this work, sophorose was successfully employed in a 
sequence of chemical synthesis steps to produce a number of novel 
sophorolipids. The chemical structure of these novel sophorolipids are shown 
below in (Table 7-1): 
Table 7-1: The chemical structures of novel sophorolipids 
 
 
1′, 2′′, 3′, 3′′, 4′, 4″, 6′, 6″-octa-O-
acetyl-β-D-sophorose 
 
 
 
2′′,3′,3′′,4′,4″,6′,6″-hepta-O-acetyl-
α-D-sophoryl bromide 
 
 
Oleyl 2'′, 3′, 3′', 4′, 4′', 6′, 6′'-hepta-O-
acetyl-β-oleyl-D-sophorose 
 
oleyl β-D-sophoroside, CMC= 1.01 
mM and γCMC =34.82 mN/m 
 
 
stearyl 2′', 3′, 3′', 4′, 4′', 6′, 6′'-
hepta-O-acetyl-β-D-sophoroside 
 
 
2′', 3′, 3′', 4′, 4′', 6′, 6′'-hepta-O-acetyl-
α/β-D-sophorose  
 
 
2′', 3′, 3′', 4′, 4′', 6′, 6′'-hepta-O-
acetyl-1ʹ-O-palmitoyl-β-D-
sophoroside 
 
 
2′', 3′, 3′', 4′, 4′', 6′, 6′'-hepta-O-
acetyl-α-(4-nitrophenyl)-D-
sophorose 
 
 
4-nitrophenyl-α-D-sophoroside 
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2′', 3′, 3′', 4′, 4′', 6′, 6′'-hepta-O-
acetyl-β-(4-nitrophenyl)-D-sophorose 
 
 
4-nitrophenyl-β-D-sophoroside  
 
SL-Me-6′, 6"-dibutyrate, CMC= 0.40 mM 
and γCMC =30.00 mN/m 
 
  
CMC= 0.31 mM and γCMC =32.08 
mN/m 
 
 
CMC= 0.33 mM and γCMC =32.15 
mN/m 
 
 
CMC= 0.72 mM and γCMC =29.40 mN/m 
 
      Once the novel sophorolipids has been produced and characterised, their 
potential applications were fully investigated. The interfacial surface properties 
were studied and it was found that the open chain alkyl ester derivatives 
namely methyl ester, ethyl ester and methyl ester-6ʹ,6ʺ-sophorose dibutyrate 
have a reduced surface tension γ CMC values of 31.10, 29.40 and 30.00 mN/m 
of the parent sophorolipid and are more soluble in water with foam formation 
being observed. The lactone sophorolipid derivatives; 1′,4″-sophorolactone, 
1′,6″-sophorolactone and 1′,6″-sophorolactone-6′-acetate also reduced the 
surface tension, γ CMC values of 31.60, 32.15 and 32.08 mN/m respectively 
and were more effective at reducing the surface tension of water than the acid 
sophorolipid and β-D-olely sophorose, but not effective as the alkylated ester 
derivatives. They are sparingly soluble in water with less foam formation being 
observed.  
      The lactone sophorolipids were found to be more active for many of the 
proposed applications than the acid form. The number of acetyl groups on the 
C-6s position of sophorose moiety proved to be important in influencing the 
surface activity of sophorolipids. The study concluded that the desirable 
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surface activity can be controlled by the adjustment of the hydrophilic/lipophilic 
balance of the methyl ester sophorolipids. 
      The enzyme substrate studies confirmed that the 4-nitrophenyl-α-D-
sophoroside derivative has inhibitory activity against the α-glucosidase from 
Saccharomyces cerevisiae in the presence of the standard substrate 4-
nitrophenyl-α-D-glucoside. It can act as a non-competitive inhibitor via 
reducing the rate of the hydrolysis reaction of the standard substrate. 
    
      Finally, the anticancer activity of the newly synthesised sophorolipids was 
investigated in a separate programme of work using MCF7 and PC3 cell lines.                      
The MTT assay results confirmed that the sophorolipids possess antitumor 
activity as the IC50 results indicated that the purified compounds displayed 
potent growth inhibitory activity against these cell lines. After 96 h of 
incubation the tested sophorolipids influence cell viability in the following 
order:  
2″,3ʹ,3″,4ʹ,4″,6ʹ,6″-hepta-O-acetyl-β-oleyl-D-sophorose ˃ 1ʹ,6"-sophorolactone-
6'-acetate > methyl ester-6ʹ,6"-sophorose dibutyrate > 1ʹ,6″-sophorolactone > 
methyl ester and the average IC50 (µM) values for MCF 7 cell line; 6.36, 
10.00, 29.60, 52.70 and > 100 respectively, whereas the average IC50 (µM) 
values for PC 3 were; 5.62, 18.40, 57.80, 40.53 and > 100 respectively.  
     
      The MTT results indicated that the cell lines used were most sensitive to 
the 2″,3′,3″,4′,4″,6′,6″-hepta-O-acetyl-β-oleyl-D-sophorose, which was capable 
of causing the death of MCF7 & PC3 cells giving an IC50 value of 5.82 μM and 
4.78 μM at 96 h, respectively. Whereas the results for the β-octacetate-D-
sophorose derivative revealed that there is no cytotoxicity against cell lines, 
which again is in sharp contrast to the results, which was observed for the 
corresponding acetylated sophorolipid, 2″,3′,3″,4′,4″,6′,6″-hepta-O-acetyl-D-
sophorose. Therefore, sophorolipids represent a distinctive and novel class of 
drugs, which maybe a significant promising therapy against different type of 
cancers.  
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7.1 Future work 
 
       Further work is required to isolate the active enzyme(s) present in the 
sophorolipid spent fermentation liquor, and which can metabolise (hydrolyses) 
sophorolipids under the condition of starvation. This work requires multiple 
extraction and purification processes to be conducted on both sophorolipids’ 
cells and the fermentation liquor. The first step of the purification process, 
involves the cells disruption/cell lysis to isolate the protein of interest using the 
following methods: ultra-sonication, homogenization under high pressure and 
freezing & thawing. If the protein of interest is secreted into the fermentation 
liquor, a common process is to isolate the protein by precipitation using an 
increased amount of ammonium sulphate and then collecting different protein 
fractions after precipitation and subjecting them for dialysis to remove the 
ammonium sulphate. The precipitated protein fractions can be characterised 
and separated based on charge or hydrophobicity using an ion-exchange or 
affinity chromatographic techniques.  
       Other further studies are required to define the precise mechanisms 
involved in the cytotoxic effect induced by the sophorolipids using different 
cancer cell lines and studying the cytotoxic effect of sophorolipids on healthy 
cell-lines too.  
       Some novel sophorolipids have been prepared in this work, however, 
further work is again required to modify the chemical structure of natural 
sophorolipids to produce more novel derivatives using the enzymatic 
synthesis pathway or starting from sophorose as a substrate and using 
chemical modification then it would be of interest to study their antimicrobial 
activity.  
       It would also be of interest to explore the synthesis of novel gemini 
(dimeric) sophorolipids as a new variety of glycolipid biosurfactants. Gemini 
surfactants are composed of two hydrophobic parts (aliphatic chain or 
aromatic moiety) and two polar head groups (two cationic/anionic or sugar 
moiety).  
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       A proposed synthetic gemini sophorolipid is shown in figure (7-1). These 
can be synthesised starting from sophorose as the amphiphilic head group 
connected by a spacer group (linking units) or via a chemical modification of 
the natural sophorolipids into oligomeric surfactants. The spacer group may 
be hydrophobic (aliphatic chain or aromatic) or hydrophilic (polyether). Gemini 
surfactants are more effective than the corresponding traditional surfactants in 
reducing the surface tension of water and possess better foaming, wetting and 
cleansing properties.  
        
 
 
 
 
 
Figure 7-1: The chemical structure of a proposed gemini sophorolipid 
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9. Appendix I 
 
Calibration curves of glucose and sophorose standards: 
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